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In  view of the great development in all branches of science du r­
ing the war, the Third Hydraulics Conference had as its principal 
theme the application of war-stimulated developments in the fields 
of hydraulic engineering and fluid mechanics to peacetime prob­
lems. Because of the ever present interest of hydraulic engineers 
in river problems, one day was devoted to that subject and, in 
addition, one evening was used to indicate a type of hydraulics 
used by the mechanical engineer.
This meeting broke previous attendance records, there being 
approximately 325 present, representing 38 states, four provinces 
of Canada, and seven other nations. The large attendance necessi­
tated transferring Ihe sessions from the historic Old Capitol to the 
modern University Theatre on the banks of the Iowa River, an 
ideal setting for such a meeting.
Housing and dining facilities w'ere difficult to provide at this 
time, making it necessary for guests to forego the usual Conference 
dinner and to “ double u p ’”  in University dormitories. All took 
these inconveniences in good spirit, however, and many, in fact, 
appreciated the new7 friendships formed because of this forced 
proximity. As the guests arrived 011 Sunday afternoon they were 
taken to the home of Dean Dawson where luncheon trays were avail­
able and where acquaintances were renewed or begun. This and 
other opportunities for personal meetings provided one of the major 
benefits of the Conference.
I t  was possible to force one concession from a local caterer with 
the result that the conference speakers were entertained at a ban­
quet at the Country Club. Three members of the group favored 
the others with reviews of personal experiences, Mr. Bell describ­
ing life with the Navajos, Dr. Rossby his meeting with the Russian 
meteorologists, and Captain Saunders his cartographic preparation 
for B y rd ’s antarctic expedition. Inspired by these tales, Dr. 
W rather, head of the U. S. Geological Survey, related an Arabian 
experience reminiscent of the times of the “ Arabian Nights.”
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A laboratory inspection was held on the second day of the Con­
ference; the weatherman entered into the spirit of this occasion 
with a drenching rain  (the same rain  which spoiled Mr. R ite r’s 
intended remark about the need for irrigation in Iowa), making 
it a thoroughly hydraulic affair.
Plans are already underway for the Fourth  Hydraulics Confer­
ence. Housing difficulties may necessitate a change in  time of the 
year for this meeting, but it is hoped that nothing will interfere 
with the continuation of the Conference series a t three-year in ter­
vals.
http://ir.uiowa.edu/uisie/31
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Session on
PEA C ETIM E UTILIZATION OF WAR E X PE R IE N C E  
Session Chairman: B oris A. B a k h m e t e f f  
Columbia University, New York City
I ntroductory  R em a r k s
As Chairman of the Opening Session the writer wishes to express 
the sentiments which he is certain animate all those present. I t  is 
a pleasure to re turn  to Iowa and very gratifying that the H ydrau­
lics Conferences, suspended during the war, have resumed their 
course. This Conference, th ird  in sequence, promises to be p ar­
ticularly successful. The attendance is impressive in number and 
in distinction, and that notwithstanding all the difficulties of the 
post-war period. The program is varied and most promising. All 
this serves as an unmistakable proof that the Hydraulics Confer­
ences as organized at Iowa University are a living necessity. I t 
is earnestly hoped that these reunions will follow in unbroken 
succession, growing in usefulness and importance to the hydraulics 
profession.
I t  is only natura l that this gathering is alive with memories and 
recollection of the supreme effort to which so many of those attend­
ing actively contributed. In  this war, science and research have 
played an especially im portant role. The Institu te deserves all 
praise for having advisedly chosen as the underlying theme for 
this Conference what was termed in the program as “ the applica­
tion of wartime experience to peacetime phases of hydraulic en­
gineering.”  A t this session papers concerning wartime accomplish­
ments will be presented by outstanding representatives of the Army 
and Navy. F irst, however, the writer would like to dwell briefly 
011 one or two points potently emphasized by recent experience.
One is the unity  and indivisibility of science. How useless and 
irrelevant are all the supposed partitions between different phases 
of engineering science in the light of what has been learned and
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seen to happen. Where, on the other hand, is one to draw the line 
between science and the applied arts ? The most abstract and theo­
retical findings have served as a basis for the most im portant prac­
tices and implementations. Technology has been compelled to tread 
on ground which only recently was thought to be the exclusive 
field of the theoretician.
The other point is the paramount importance for engineering of 
fundamental research. I t  is false economy to restrict observational 
investigation to narrow “ practical objectives” . The most far- 
reaching practical results have grown out of research devoted to 
the broadest and deepest purposes. The papers this morning will 
testify most convincingly on the points brought forward.
The author of the first paper, Mr. Gail Hathaway, needs 110 in ­
troduction to a hydraulic audience. His achievements in the lines 
of applied hydrology are known the world over. Most of his pro­
fessional life has been spent with the U. S. Engineers, where at a 
comparatively early age Mr. Hathaway attained the highest rank 
open to a Civilian, that of Special Assistant to the Chief of E n ­
gineers, U. S. Army. In  the last phase of the war he was called 
upon to render a ra ther unprecedented service to the strategical 
plans in Western Europe in correlating the movements of the 
Allied Armies with the possible flow of the Rhine and its tribu ­
taries. Here again a new page was opened in this war. Logistics 
in the past dealt with munitions, transportation, food, and all sorts 
of supplies. The recent dependence on hydrology and hydraulic 
engineers was something unheard of. The quality and effectiveness 
of the work performed, which has found widespread publicity, was 
rewarded in unprecedented form by the award to Mr. Hathaway 
of a Presidential Citation accompanied by the Bronze S tar Medal. 
The w riter wishes to say to Mr. Hathaway that the profession is 
proud of him as one of its most distinguished members. Engineers 
are a t one in saying “ Well done, Gail H athaw ay” .
The author of the second paper on the program is Captain Harold
E. Saunders, U. S. Navy, Technical Director of the David Taylor 
Model Basin. All those who have been privileged to  visit the Carde- 
rock establishment and have had a chance to see all the varied and 
fascinating work so efficiently carried out by a most capable and 
well organized staff, carry away a sense of admiration for the man 
who is responsible for planning and building up the institution
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and who inspires and directs its activities. I t  seems somehow only 
natural that the task of setting up what is probably the largest 
and best equipped Model Basin in the world was given to Captain 
Saunders, for from the early days when in 1912 he graduated first 
in his class at Annapolis, one always finds the name of Saunders 
associated with the most difficult and im portant problems under­
taken by the Navy. A particular impression which one carries away 
from a visit to the David Taylor Basin at Carderock is that of a 
most fortunate and effective link between fundamental knowledge 
and applied pursuit. Few men can give a better and more vivid 
account of the new spirit which animates recent war-time research 
than Captain Saunders.
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W ARTIM E ADAPTATIONS AND DEVELOPM EN TS IN 
HYDRAULIC EN G INEERIN G  FO R M ILITARY 
AND CIVIL USE
G ail A. H a t h a w a y
Corps of Engineers, Washington, D. C.
I ntro ductio n
In  the mobilization of total resources for prosecution of w ar and 
hastening of victory, the hydraulic engineer played an important 
part. All of the acquired experience and knowledge of engineers 
in various phases of the hydraulic field were utilized in developing 
equipment and devising plans and techniques for accomplishing the 
engineering tasks incident to m ilitary operations. A t the beginning 
of the war, the existence of hydro-electric developments, waterways 
improvements, flood protection works, hydraulic equipment and 
trained personnel facilitated the conversion to war production and 
continuance of essential civil operations beyond estimable propor­
tions. During the war, continuance of these normal hydraulic en­
gineering functions were of vital importance. In  addition, novel 
applications of new developments in hydraulic and hydrometeor­
ological fields were required to meet special needs peculiar to war. 
The purpose of this paper is to discuss a few examples in the latter 
class, and review certain possibilities in the advance of hydraulic 
and hydrometeorological engineering by applications of war de­
velopments during peace.
H ydraulic  E ng in e er in g  i n  W arfare 
General
The applications of hydraulic engineering to special problems 
related to m ilitary operations in World W ar I I  were fa r too num er­
ous to recount in a paper of this scope. A few examples only will 
be mentioned.
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The principal element of difference between hydraulic engineer­
ing related to m ilitary operations and those normally encountered 
in civil practice arises from the necessity of preparing designs and 
operational techniques for situations th a t can not be accurately 
predicted, and usually, to accomplish this work with very little, 
if any, actual field data and inspection. The limitations in time, 
equipment and labor for construction or operation of facilities 
during active m ilitary operations are also governing factors.
When the Allies invaded France in  June 1944 it was necessary 
literally to “ take their harbors with them ” . Most of you have read 
accounts of the two elaborate artificial harbors that were set up 
on the Normandy beaches under operation “ M ulberry” . One of 
these harbors was wrecked by a violent storm that occurred shortly 
afte r the structures were set in operation, bu t the other functioned 
in an excellent manner and served a vital role in the unloading of 
heavy equipment for sustaining the drive through France. One of 
the im portant features of the artificial harbors was the design of 
portable breakwaters, the units consisting of portable concrete 
caissons that were constructed in England, towed to location and 
sunk in position to protect the portable docks and floating cause­
ways from wave action. Over a hundred units were constructed.
In  the design of the portable breakwater, model tests were made 
to determine the degree of protection that would be afforded by 
the line of caissons, and the scour, settling, sliding, and overturning 
characteristics of the units. The towing characteristics, and need 
or advantages of sand ballasting afte r the caissons were in place, 
were also investigated. A summary of the tests is presented in  a 
paper by Robert T. Hudson, September, 1945 issue of Civil E n ­
gineering.
Although the engineering techniques involved in  studies of the 
portable caissons differed only in detail from those used in certain 
types of civil work, they emphasize the im portant role that hydraulic 
laboratories and hydraulic techniques may play in  the m ilitary 
field. Other examples of a similar nature that may be mentioned 
a r e :
a. Model study of locations for a proposed breakwater in San 
Ju an  Harbor, Puerto Rico. In  this case an extensive system of 
breakwaters was developed for protection of seaplanes against
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heavy wave action. Plans originally proposed were shown to be 
unsuitable, and an effective arrangement was devised.
b. Model study of wave and surge, Naval Operating Base, 
Terminal Island, San Pedro, California. This base was one of the 
most im portant for support of operations in the Pacific Theater. 
An effective harbor plan was developed. Contrary to the opinion 
of most engineers familiar with problems involving wave action, 
this study showed ra ther conclusively that sufficient long-period 
wave energy can pass through a rubble-mound type breakwater to 
set up standing waves of appreciable amplitude in the harbor area, 
and that breakwater extensions used to inclose the harbor should 
be constructed in such m anner as to be impervious to long-period 
waves.
c. Model tests of the Intra-coastal W aterway cutoff, vicinity 
of Savannah River, Georgia. These were made in developing a 
safe route for oil shipments during the height of the Germans’ 
submarine campaign.
A somewhat different phase of hydraulic engineering was in ­
volved in the analyses of flood characteristics of m ajor rivers in 
Europe and in the establishment of a flood prediction service to 
assist in the planning and execution of river crossings, particularly 
the Rhine crossing. In  planning for bridging requirements and 
amphibious equipment, it was necessary to estimate the width of 
river channels and flood plains a t numerous points suitable for 
crossings, and to  have a reasonable knowledge of current velocities 
and depths under which bridging and amphibious operations were 
to be conducted. Knowledge of flood dangers was also im portant 
in locating supply dumps, sites for hospitals, camps and other in ­
stallations where they would be least affected by inundations. E x­
tensive hydraulic analyses were required to supplement and verify 
the limited hydrologic data available.
The presence of several large reservoirs on rivers to be crossed 
offered a th reat of artificial floods that could be created by enemy 
demolition of the dams or by manipulation of control gates. The 
possible magnitude and duration of artificial flooding below these 
dams was estimated by hydraulic engineers. In  certain cases, as 
in  the crossing of the Roer River, floods were actually created by 
the enemy’s demolition of the outlet control works of dams. Delays
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and hazards from these floods were greatly reduced by the hydraulic 
engineer’s analyses of the situation and forecasts of the extent and 
duration of flooding. The jumping-off time for allied crossings of 
the Boer after the artificial flood had subsided was fixed by the 
hydraulic engineer’s estimate of the flood recession. In  other cases, 
possible artificial floods did not take place, but preparations had 
been made for the eventuality. A special study of this character 
will be described later.
Rhine River Flood Prediction Service
The crossing of the Rhine River was classed by m ilitary personnel 
as a “ m ajor amphibious operation” . Enormous quantities of am­
phibious equipment, floating craft, pontoon bridging, cable ferries, 
and temporary fixed bridges were used in the massive crossing 
operations. An even greater undertaking would have been involved 
if enemy resistance had been as strong as originally anticipated, 
and the unforeseen capture of the Remagen bridge had not mate­
rialized. I t  does not require unusual m ilitary knowledge or im­
agination to visualize the disastrous effects that might have been 
produced by an unexpected m ajor flood on the Rhine River during 
and immediately after initial crossing operations began. Once an 
operation of this magnitude is set in motion, it is extremely difficult 
or disastrous to suspend the action. Accordingly, it was vitally 
im portant to m ilitary strategists to know from a week to ten days 
in advance that a m ajor flood on the Rhine would not occur on 
the day set for the crossings. Once the initial crossing had been 
effected, it was essential that advance warnings of any significant 
floods on the Rhine or major tributaries be made known to Army 
personnel in the field in order that appropriate measures co\ild be 
taken to protect the floating craft and bridges th a t were necessary 
for sustaining their life-line of supplies.
D uring this most critical period of operations, the major portion 
of the flood-producing areas of the Rhine basin were under enemy 
control. Direct observations of Rhine River stages were practicable 
only at a few points upstream  from Strassburg, and on the upper 
reaches of the Mosell River. Rainfall reports were available only 
from irregularly spaced mobile weather detachments operating 
under the Air Corps. Meteorological maps prepared by the W eather
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Service of the A ir Corps for operation of aircraft were available 
for analysis. On the basis of these limited data, it  was necessary 
for the hydraulic engineer and hydrometeorologist to estimate the 
quantity  of rainfall th a t had fallen over various portions of the 
Rhine basin in  the period immediately preceding the forecast, pre­
dict the quantity to be anticipated 12 to 24 hours in advance, and 
estimate hydrographs of flow a t key points on the Rhine River 
from Bale, Switzerland, to Nijmegen near the mouth.. Quantitative 
forecasts of precipitation, and quantitative estimates of precipita­
tion from meteorological maps covering areas not served by ob­
servation posts, were im portant factors in the river stage pre­
dictions. An intimate knowledge of river hydraulics was, of course, 
a basic requisite for engineers responsible for river stage p re­
dictions.
River stage predictions are a very perishable commodity. An 
accurate prediction was of no value unless it could be made avail­
able to Army personnel in the field in time for them to take neces­
sary measures for protection of their floating craft and bridges. 
The mobility of field units, the complete disruption of normal com­
munications channels, and frequent changes in personnel, imposed 
the greatest of difficulties in maintaining two-way communications. 
However, by the excellent cooperation of all Army units and or­
ganizations, communications were successfully maintained at all 
critical times.
The Rhine River flood prediction service was continued on a 
modified scale for several months after the initial crossing opera­
tions, to aid in protection of tem porary bridges and navigation. 
The work is now carried on largely by civilian engineers of the 
countries bordering the Rhine.
The conditions encountered by the Rhine River Flood Prediction 
Section may never be encountered again. Improvements in fore­
casting of storm conditions, possibly by aid of radar, and new 
methods of communications will most likely change prediction 
procedures even if, unhappily, circumstances occur that necessitate 
a similar service. I t  is believed, however, that the hydraulic en­
gineer will play an essential p a rt in any such service irrespective 
of the advent of new tools.
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Intentional Flooding as a Weapon of Warfare
On a number of occasions during the w ar the “ hydraulic 
weapon”  was used as a  means of defense or for destruction of 
productive capacity of w ar industries. When the Germans invaded 
the Low Lands at the beginning of the war, extensive portions of 
leveed areas were flooded by the Dutch to interfere with the in­
vader’s advance. During the campaign in Italy, crossing of the 
Garigliana River by the Allies was temporarily delayed by alternat­
ing high releases of w ater from reservoirs controlled by the enemy. 
A similar delay occurred in the crossing of the Roer River when 
the outlet controls of the Schwammenauel and U rfttalsperre dams 
were demolished by the Germans. Several other instances of this 
nature might be recited. The danger of artificial flooding of low 
areas from demolition of dams or levees was a m ajor factor to  be 
considered in the planning of m ilitary operations in  W estern 
Europe.
One of the most spectacular examples of intentional flooding as 
a destructive force in  w arfare was the devastating flood caused 
by bombing of the Mohne Dam in the R uhr Valley by the British 
Royal A ir Force in May 1943. The prim ary purpose of this bomb­
ing was to deprive the enemy of water supply and hydro-electric 
power required for the extensive war industries in the R uhr basin. 
Quite apart from the m ilitary significance of this action, the hydrau­
lic engineer will be interested in the effect and nature of the flood 
wave created by breaching of the dam. Information available re­
garding hydraulic details of the flood are very limited, although 
intelligence documents and photographs by the Allied Forces con­
tain considerable data th a t should permit reconstruction of the 
picture sufficiently for certain engineering purposes when fully  
analyzed.
The Mohne dam was a concrete structure, approximately 105 feet 
high above river level, that formed a reservoir of 109,000-acre-foot 
capacity. Approximately 75 per cent of the impounded waters were 
released in a period of 10 hours by the bombing of the dam. This 
is equivalent to an average rate of discharge of approximately 
100,000 c.f.s., although the peak discharge was of course substantial­
ly higher. The discharge of the Rhine River below the mouth of 
the R uhr was said to have increased approximately 150,000 c.f.s. 
as a result of breaching of the dam.
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The following information deduced from Allied intelligence sum­
maries gives an indication of flood heights and velocities at various 
points down-stream from the Mohne dam. All values should be con­
sidered approximate.
Maximum Mean Velocity
Distance 
Location from
Mohne Dam, 
in miles
Stage of 
Flood above 
Normal 
in feet
of Flood 
Progression, 
in feet per 
second
Remarks
Gunne 0.6 46 23 Eailroad bridge
destroyed
Neiderense 3.7 38 19 Large railroad
bridge destroyed
Neheim 8.1 33 16 Road bridge
destroyed
Wickede 16.0 28 13 Road bridge
destroyed
Frondenburg 23.6 26 10 Railroad and road
bridge destroyed
Schwerte 38.0 25 8 Bridge damaged
65.0 24 6
Mouth of Ruhr 98.0 23 5
The information referred to above was utilized by U. S. Army 
Engineers in estimating the probable effects that might have been 
caused by enemy demolition of the Schlucht dam located on a 
tribu tary  that joins the Rhine River approximately 40 miles up ­
stream from Bale, Switzerland. The Schlucht reservoir has a capacity 
practically equal to that of the Mohne reservoir, and the average 
slope of the Rhine River above Bale conforms closely with the 
average gradient of the R uhr River. By taking into account the 
relative valley storage characteristics of the two rivers, and the 
effect of the several run-of-river hydro-electric dams below the 
Schlucht reservoir, the probable height and velocity of flood wave 
th a t might have been caused at various points on the Rhine by 
demolition of the reservoir were estimated. I t  is interesting to 
note that the conclusions reached by this analogy checked very 
closely with those obtained from calculations and model studies 
conducted by French Engineers in  a hydraulic laboratory of Neyret- 
Beylier et P iecard-Pictet firm a t Grenoble, France. The very ex­
cellent model studies conducted by the French for the American
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Armies are reviewed in an art icle by Lt. Colonel Stanley W. Dziu- 
ban in the May 1946 issue of the Military Engineer.
S p o t t in g  H u r r ic a n e s  a n d  T h u n d e r s t o r m s  b y  R a d a r
Among the most spectacular developments of the war, radar 
promises fa r  reaching and valuable service in scientific and com­
mercial fields during peace. The possible applications of this new 
tool seem almost boundless. The recent success of the Signal Corps 
in contacting the moon by rad ar indicates that literally the sky is 
the limit. The ability of radar to chart the path accurately and 
reveal the shape and progressive changes in hurricane storms is 
perhaps of more immediate interest than the “ moon”  experiments 
to hydraulic engineers who are responsible for the development of 
design criteria, or the planning and operation of navigation and 
flood protective facilities near the Gulf Coast or A tlantic Coast 
areas. The potentialities of radar in this connection were clearly 
demonstrated by observations by the Army A ir Force Center radar 
station at Orlo Vista, Florida, during the hurricane of September 
1945. This work is described by Mr. S. R. W inters in a paper en­
titled “ Spotting Hurricanes and Thunderstorms by R adar,”  pub­
lished in the March 1946 issue of Radio News. A summary from 
this paper will give some conception of the immediate possibilities 
of radar as a working tool in weather and flood prediction, as well 
as its value in research.
As early as August 1943, Army radar technicians, noting curious 
“ ghost echoes”  on their radar scopes, were able to attribute them 
to thunderstorms. This led to a study of the phenomenon, and 
Army W eather observers soon learned how to use radar to plot 
storms. When the violent hurricanes of September 1945 struck the 
F lorida peninsula near the A.A.F. weather radar station, an op­
portunity  was provided for observations resulting in new findings 
about the nature of hurricanes. Throughout the hurricane the 
general shape of the disturbance was plainly viewed on the micro­
wave set, and photographs were obtained a t approximately 15- 
seeond intervals for record.
To plot the path of the hurricane, the radar equipment consisted 
of a 30-foot radar antenna mounted on a tower close by, and two 
electronic sets of the latest Army A ir Forces design. One scope or
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screen on the rad ar apparatus—the same device employed on bomb­
ers for spotting enemy targets at night or in fog—was used as a 
height finder. Its pattern  took the form of an irregular line oscillat­
ing or moving to and fro from top to bottom of the rad ar scope. 
The other was a microwave set, or finger-length radar outfit, with 
an electronic radius sweep of 220 miles and capable of affording 
advance warning of an approaching storm.
I t  was on the morning of September 15 when the microwave set 
first intercepted returning impulses or “ echoes”  from southern 
Florida. Amidst a speckled blue light on the round, black radar 
scope, line squalls in  concentric arcs were recorded as approaching 
northw ard in the F lorida peninsula. By 8 o ’clock that night, the 
radar screen indicated that each succeeding concentric arc had a 
somewhat smaller radius of curvature, and at exactly two minutes 
to 10 o’clock the center of the atmospheric disturbance was iden­
tified, beyond a peradventure, as 30 miles northwest of Miami. I t  
was estimated that the “ eye”  of the hurricane was travelling at 
nine miles an hour along a curved course leading directly toward 
the rad ar station. Velocities in the periphery of the rotating dis­
turbance were determined as 100 miles per hour from anemometer 
observations in the storm area.
The rad ar crew ’s reports show that the general outline of the 
storm was unmistakably clear on the microwave set, the impulses 
or radar energy being reflected in a superb manner through the 
rain accompanying the hurricane. Its  shape was that of the numeral 
six, with clockwise “ ta ils”  having a spiral effect. A t one o ’clock 
on the morning of September 16, six distinct “ ta ils” were visible, 
three of which were detached and traveling northw ard in advance 
of the storm ’s center. These “ ta ils”  were rain-carrying storm 
clouds, or line squalls, eight to ten miles in width and from three 
to five miles apart.
A t 3 -A5 a.m. September 16, the “ eye”  of the storm was in jux ta ­
position of the radar station, having passed by ten miles to the 
westward. This “ eye” , the low-pressure area in the center of the 
disturbance, measured 12 miles in diameter. The absence of im­
pulses or echoes on the radar screens indicated that there was no 
rainfall in  the immediate vicinity of Orlo Vista. The height-deter­
mining radar outfit indicated th a t the thick cloud deck enveloping 
the eye of the storm extended to an elevation averaging 18,000 feet.
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The violence of the storm had diminished appreciably as it traveled 
overland. The radar scopes continued to intercept telltales of the 
hurricane as it moved in a northeasterly direction toward Jackson­
ville. The entire progress of the hurricane, in its gradual curve up 
Florida, had been accurately plotted by radar-photographs taken 
a t 15-second intervals. Results of the tria l indicate that the use of 
radar may revolutionize methods of forecasting and plotting these 
destructive storms. I t  has been demonstrated that a stationary radar 
or television screen can survey the location, extent, intensity, and 
direction of thunderstorms, and similar violent atmospheric dis­
turbances within a radius of 100 to 200 miles.
In  this connection, of interest is the recent announcement that 
the Army and Navy have established a special program  of air re­
connaissance in the Caribbean area to locate and trace hurricanes 
by the aid of improved radar equipment carried in planes. The 
planes will fly near the hurricane disturbance and maintain a con­
tinuous surveillance of its movements by use of radar, without 
flying into the danger area. By this auxiliary use of aircraft, the 
history of the hurricane can be traced practically from its genesis, 
and warning to shipping and shore installations can be assured safe­
ly in advance. Thus the radar-equipped plane will offer a service 
in respect to hurricanes somewhat analogous to that performed by 
the Coast Guard in locating icebergs and similar dangers to ship­
ping in the Northern waters.
Improvements in equipment and technique are, of course, looked 
forw ard to. Several technical papers relating to the use of radar 
in the plotting and prediction of thunderstorms were presented at 
the annual meeting of the American Geophysical Union in Wash­
ington, D. C., 27-29 May 1946, and will be published in the regular 
Transactions issued by that organization.
H ydrographic  S u r veys by  E cho-S o und ing
Another revolutionary development of interest to hydraulic en­
gineers concerned with river and harbor improvements is the adap­
tation of echo-sounding devices to shallow-water hydrographic sur­
veys. The ability to measure accurately, quickly and economically 
the depth of water in selected sections of a river, impounding reser­
voir, or harbor is of far-reaching importance in the design of regu­
lating structures and operational facilities. The combination of
http://ir.uiowa.edu/uisie/31
echo-sounding and radar techniques permits such measurements 
to be made in an expeditious and satisfactory manner.
Hydrographic Surveys by Conventional Methods
A hydrographic survey is a three-dimensional survey in which 
a sounding represents a vertical measurement of the depth of the 
water, which must be located in the horizontal plane by two co- 
ordinates. A knowledge of the depth is useless without the geogra­
phical position at which the depth is measured, or its relative 
position with reference to the adjacent landmarks.
The problem of hydrographic surveying is two-fold, one part 
consisting of the various methods of measuring the depths of the 
water and the second p art consisting of the measurements to de­
termine positions in the horizontal plane. The former are termed 
“ soundings”  and the latter is called “ position finding”  or the 
horizontal control of the survey. I t  may be assumed that the d if­
ficulties and inaccuracies of conventional methods are appreciated 
by this audience; the improvement in hydrographic surveying made 
possible by recently developed apparatus will be of interest to all.
Surveys with Supersonic Sounding Equipment
The principle of sound travel through water and its reflection 
or echo from obstacles in its path has only been recently suggested 
and used as a method of determining depths in water. Sounds in 
fresh water travel at the rate of approximately 4,800 feet per 
second and for the various applications of sound in water, including 
hydrographic surveying, sound velocity varies but slightly from 
season to season. These variations can be determined and due allow­
ance made in survey work. Soundings may be obtained while the 
boat proceeds at any speed and for the depth of which the apparatus 
is capable. Echo-sounding is the method used to measure the depth 
of water by determining the time required for sound waves to 
travel, at known velocity, from a point near the surface of the 
water to the bottom of the river or reservoir and return. Echo- 
sounding equipment is designed to produce the sound, receive and 
amplify the echo, measure the intervening time interval very ac­
curately, and convert this interval automatically into units of 
depth measurement, such as feet, fathoms or meters. Every echo-
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sounding instrum ent is composed of three principal parts which 
create depth measurement, (1) the acoustic transm itting unit or 
sound producing part, and the source of energy to operate this 
u n i t ; (2) the acoustic receiving unit and the echo am plifier; and 
(3) the registering device, including a motor whose speed is con­
trolled, an index and depth scale, and the necessary keying circuit.
Sonic waves advance in a spherical front and cannot be pro ­
jected in a single direction. This, in  addition to the fact that sonic 
frequencies are audible, is a disadvantage in hydrographic survey 
work. O rdinary w ater sounds such as the break of waves, wash 
of w ater on submerged rocks, and sounds from engines and pro ­
pellers of vessels are audible on the hydrophones used in the sonic 
systems, and this causes the extraneous sounds to register with, 
or to the exclusion of, the depth echo.
Supersonic waves are above auditory preception. This, together 
with the fact that the supersonic waves are in the form of a highly 
directional beam, accounts for the general use of supersonic echo- 
sounding equipment in hydrographic surveys. The higher super­
sonic frequencies make possible more depth soundings per un it of 
time and thus expedite survey operations. Because of the shorter 
wave lengths the supersonic system can be used in shallow depths. 
The supersonic depth-recording units m anufactured by commercial 
firms differ in details of design, but are, without exception, simply 
automatic devices to measure accurately very short intervals of 
time. The units automatically convert the time interval into feet 
or fathoms graphically on a graduated scale. This type of equip­
ment is m anufactured in either perm anently mounted or portable 
form.
Supersonic-echo-sounding equipment has been used on almost all 
recent hydrographic surveys made under the jurisdiction of the 
Lower Mississippi Valley Division and the Mississippi River Com­
mission, and the results have been very satisfactory. These surveys 
are made on the Mississippi River and its tributaries but the equip­
ment may be used equally well for sediment surveys on other rivers 
or on existing reservoirs.
A machine of the non-portable type is very sensitive and will 
depict salt water under fresh water, recent fill on the bottom of 
the river or any heavy substances above the bottom of the river 
together with the various layers of material for some distance bo-
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low to the actual hard bottom of the stream. I t  will measure sound­
ings about 200 feet in depth and with a skilled crew should measure 
with an accuracy of 0.3 foot in 100 feet. Units of this type are 
now installed on all of the channel patrol boats of the Mississippi 
River Commission, sounding the river from Cairo, Illinois, to the 
Gulf of Mexico and on some of the heavier sounding boats on hydro- 
graphic surveys and discharge work in the New Orleans Engineer 
District. Up to the present time they have required very little 
maintenance and have given excellent results. On channel work, 
the boat proceeds at full speed while taking soundings and thus 
saves considerable time in a y ea r’s operation. Also the soundings 
are accurate and a permanent record is maintained in the files.
The Mississippi River Commission intends to use the portable 
units to sound reservoirs and to determine changes in the bottom 
elevations from which a record of sedimentation can be secured. 
The portable units have given very little trouble in the field and 
practically no sounding is done now in the Lower Mississippi Val­
ley Division with the old lead-line method.
In  actual operation, the non-portable units require one man when 
cross sections are being sounded. An additional man is required 
to operate the “ fix”  button to show the location of the sounding 
on the chart. All operating power is furnished off the electrical 
generating sets on the steamboat or diesel boat. Various types of 
personnel operate these units, from inspectors to pilots on the steam­
boats. Routine repairs are usually made by the radioman on the 
large boat. A portable unit also requires one or two persons to 
operate it depending on the type of w ork; however, power to oper­
ate the unit is usually supplied from a 12-volt battery. The battery 
may be charged on the boat that operates the sounding equipment 
or additional batteries can be used, one being in use, one held 
for emergencies, and one being recharged at any filling station.
Reliable results are .secured from boats running upstream  or 
downstream at full speed. The only feature that must 'be carefully 
observed is that the installation of the oscillators is properly made. 
I f  a ir flows under the oscillator, the echo-sounding device will not 
record the depth of water. In  normal cases there is no trouble from 
this condition on a model hull boat, but the Mississippi River Com­
mission has been unable to make an inboard oscillator installation 
function satisfactorily on a flat bottom boat.
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Soundings are located in various ways either with plane table or 
a sextant or a transit. Radar promises a more satisfactory method 
of sounding location than now commonly used, as will be discussed 
later. F or cross sections on revetments in the Mississippi River or 
for rivers of normal width, the Commission personnel have a device 
for measuring the distance from a known point on the river bank 
and recording the “ fixes”  or “ locations”  on the actual cross section 
graph at 10-foot or 20-foot intervals or at any selected points for 
comparison with previous work while the soundings are being re­
corded on the paper. This is quite a time saver, as the distances 
a re all actually located positively from a known point using a piano 
wire for a measuring unit.
A usual objection to the echo-sounding equipment is the original 
cost of installation. Also the survey personnel have to change their 
methods of making and recording the survey data. The question 
is invariably asked, why spend as much as $9,000 on echo-sounding 
equipment when a hand lead-line can be made for a couple of dol­
lars and a man can be hired for $75.00 per month to do the sound­
ing. In  answer to  this question: (1) the accuracy of the results 
is not comparable, (2) the echo-sounding unit furnishes a perma­
nent record for la ter analysis and (3) a trained crew can do from 
6 to 8 times more work for a given working season with the echo- 
sounding equipment. A cross-section of the Mississippi River in 
low water can be secured by the echo method in 3 minutes with 
soundings recorded at the ra te  of 200 per m inute and a cross- 
section that would require one hour or more to secure accurately 
in high water by the old methods can be sounded in about 6 minutes 
with the present echo device.
One final caution: The echo-sounding device is mechanical and 
will record soundings, whether in adjustm ent or n o t ; therefore, a 
high-caliber, trained crew is necessary to operate these units if 
accurate work is expected in the field survey.
Vastly improved echo-sounding equipment has been developed 
by the Navy during the war. Details of this equipment are riot 
immediately available, but it is known that the equipment is very 
much more compact than that now commercially available and is 
suitable for use in small boats.
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Use of Radar for “ Position F inding” in  Hydrographic Surveys
The recent developments of precise supersonic echo-sounding 
equipment has greatly accelerated the sounding procedures, but 
the method of positioning soundings has lagged fa r  behind. The 
continuous graphical recording of depths by the improved fatho­
meter at a rate of 200 per minute at a boat speed up to 7 knots has 
necessitated the improvement in methods of positioning. The great 
need of an automatic positioning recorder has been felt for some 
time, but un til the advent of radar, no successful equipment has 
been developed.
W ith these thoughts in mind, experiments were conducted in the 
Galveston Outer Bay and jetty  channels under the supervision of 
Major W. W. Yance, Chief of Operations Division of the Galveston 
District of the U. S. Corps of Engineers.
Positioning of soundings had been accomplished in the past by 
means of two sextant angles read aboard the survey boat between 
prominent landmarks on the shore. An effort to speed up this 
method by means of a sextant angle grid was a definite improve­
ment, but the fact that the work could be delayed by bad weather 
and poor visibility was another difficulty that had to be overcome. 
Maximum calm periods seem to exist in the five je tty  and outer 
bar channels of the Galveston D istrict when the visibility is ob­
scured by fog or land haze.
Very little was known about radar or its possible use in track­
ing a survey boat, but from general descriptions in magazines it 
seemed that radar equipment was developed for a similar type of 
work. Through informal contacts with the radar officer at the local 
harbor defense headquarters, an experienced rad ar crew and a 
Mobile R adar Unit SCR-584 was obtained fo r experimental work 
in tracking a survey ship while sounding in the Galveston Entrance 
Channel.
The Mobile Radar Unit SCR-584 equipment consists of a large 
steel van with all equipment and controls mounted inside. The an­
tenna is lowered inside the van roof when traveling, and raised 
to a position above the roof when in operation. The antenna will 
automatically position on a ship and track it automatically. Read­
ings for range, elevation, and azimuth are obtained from dials. A 
small telescope is mounted on the antenna and may be used to assist
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ill the initial orientation of the unit. The operating power is fu r ­
nished by a portable M-7 generator.
Radio communications are maintained between the rad ar van 
and the survey ship for control information and to direct verbally 
the sh ip’s course from plotted course data.
In  experimental tests conducted in November 1945, the mobile 
radar unit was set over a U. S. G. S. Monument “ Jacinto 1933” 
located near the land end of the south je tty  of the Galveston E n ­
trance Channel. This equipment was then oriented a t true north 
as 0 mils azimuth by means of four definite and prominent land­
marks. The correct azimuths and ranges for these four points were 
computed and used in orienting and checking the orientation of 
the radar unit.
Two charts were prepared of the area to be covered by the sur­
vey. One chart known as the Sextant Grid Chart was prepared so 
th a t two angles obtained by two sextants aboard the ship to definite 
control points could be quickly plotted without use of protractors. 
The second chart was drawn to the same scale and as a perfect 
overlay. A grid on this chart with azimuth in mils and range in 
yards allowed quick plotting of the radar data at the land station. 
Ship to shore radio was used so that sextant readings and radar 
readings could be obtained at the same instant. Overlaying these 
charts on a light table after completion of the d ay ’s experimental 
courses showed better coincidence than was first anticipated.
The results obtained were discussed by the Galveston District 
E ngineer’s personnel with radar authorities at the Army A ir Base 
a t Orlando, Florida, who were greatly interested in the successful 
possibilities of the new method. They reviewed the equipment used 
and made suggestions on the use of improved attachments to in ­
crease the accuracy as well as the automatic plotting facilities of 
the equipment.
In  the installation and use of this improved equipment, the sur­
vey boat will be equipped with a recording fathometer as manufac­
tured  by the Submarine Signal Company to the specifications of 
the Office, Chief of Engineers. This fathometer incorporates all 
the features which have been developed for the indicating units 
and a number of other features which field experience has shown 
to be necessary to meet the survey requirements of the Corps of 
Engineers.
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A Responder Beacon will be mounted on the mast of the survey 
boat and will give off a definite signal when activated by the radar 
beam.
Ship-to-shore radio contact will be maintained for supervision 
by the party  chief on the survey boat.
The SCR-584 Radar van will be set over a control monument and 
oriented a t true north as 0 mils azimuth as in the experimental 
tests. A Miller Precision Plotting Board attachment will be placed 
in the radar van, and its arm oriented with a previously prepared 
chart of the area to be surveyed. Test shots will be obtained on the 
jetty  lights or other control landmarks in the area.
The end of this plotting arm is equipped with a “ pip squeak” 
attachment which will burn a pin hole in the chart when activated 
by radio by a trigger mechanism in the hand of the fathometer 
attendant aboard the survey ship. The attendant can m ark a num ­
ber or letter on the fathograph and inform verbally by radio so 
that the radar attendant at the land station can put a similar m ark­
ing on the pin hole on the chart. In  actuality, the profile of the 
depths of w ater is plotted by the fathometer aboard ship while 
the land radar station draws a plan of the course traveled.
This work can be conducted at night or during times of no visi­
bility due to fog or land haze.
I t  is anticipated that additional expermental work will be per­
formed with this type of equipment so that a navy radar set mount­
ed on the survey ship will do the positioning with reference to land 
control points and in this way make the hydrographic survey boat 
self-contained. Experimental work will also be performed in land 
survey work such as triangulation, and laying out large reservoir 
areas over distances greater than eye range.
The utilization in peacetime of wartime-developed rad ar equip­
ment to position automatically a survey boat and plot that position 
on a chart as the boat proceeds along the survey course will bring 
the positioning of soundings up to date with the automatic record­
ing of the soundings by the fathometer. I t  is believed that the 
development of this method will save large sums of money, valuable 
time, and effect a decided improvement in results.
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D et er m in a tio n  of D e p t h s  i n  S h allo w  W ater  b y  A ir 
P hotography  U sin g  C olor F ilters
General
The value of a ir photography for map making and for the study 
of land detail was appreciated before the war, but the study of 
underwater detail from air photographs had received little attention. 
The landing a t Tarawa, where the danger of a  submerged reef had 
not been accurately assessed, emphasized the need for a new method 
of determining depths in shallow water. The British Army Photo­
graphs Research Unit started work on development of the pro­
cedure in September 1944 under orders of the A ir Directorate of 
the British W ar Office, and has published certain information on 
the techniques in a booklet entitled “ The Determination of the 
Depths and Extinction Coefficients of Shallow W ater by A ir Pho­
tography Using Colour F ilters ,”  by Major J . George Moore, M. A., 
December 1945. Over 10,000 photographs were taken during the 
extensive trials. Similar work has been carried on by the U. S. 
Army, but results of the studies have not yet been published. In ­
asmuch as the techniques involved have great promise in applica­
tion to rapid  surveys of rivers, lakes and harbor areas, and litera­
tu re  thereon is very difficult to obtain for general distribution at 
the present time, there is presented herein a relatively detailed 
summary of the method and results obtained by the British in trials 
presented in the reference previously cited.
The procedure developed has been referred to in the services as 
the “ Transparency Method” , and may be described briefly as 
follows:
I f  a sandy beach is photographed vertically from the a ir through 
a color filter, its apparent brightness is found to vary in  a simple 
way with the depth and clarity of the water over i t ; if the clarity 
(or the extinction coefficient) of the water is known, the depth of 
water can be determined by measuring the relative brightness at 
different points on a single air photograph. I f  i t  is not known, 
the measurements may be made on a pair of photographs taken 
simultaneously through two special color filters and, since a re ­
lationship between the two extinction coefficients can be assumed, 
depths can be determined from the photographs alone without any 
other source of information. This is done graphically by means of
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a special Calculator, and from the results the clarity of the water 
can also be assessed. In  average coastal waters depths down to 
20 feet or more may be determined to an accuracy of ±  10%. 
Similar accuracy can be obtained to depths exceeding 50 feet or 
more under reasonably favorable conditions.
A “ brightness profile”  is defined as the curve produced by plot­
ting, as ordinates, the relative brightness of points on the seabed 
against their horizontal distances from the w aterline; these bright­
nesses are measured in a nearly vertical direction from the air. 
Because the intensity of light transm itted by a given depth of 
water varies with wavelength, the shape of a brightness profile will 
depend on the wavelength of the light observed; therefore, a com­
parison of the shapes of a pair of brightness profiles prepared from 
photographs taken simultaneously through two contrasting filters 
(which pass only light of certain wavelengths) enables depths to 
be determined when absolute values of the extinction coefficients 
are not known.
The brightness of any point on a “ brightness profile” , as ob­
served vertically from the air, is due to :
a. L ight from all sources scattered by atmospheric haze in 
the column of a ir  between the sea surface and the observer.
b. Light reflected vertically upwards by the sea surface.
c. Light scattered vertically upwards by particles within 
the water.
d. L ight reflected from the seabed to emerge vertically 
from the sea surface.
The intensity of the light scattered by atmospheric haze will de­
pend upon a large number of variables, including the sun altitude, 
the amount of cloud, the height of the observer and the type and 
density distribution of the haze. To reduce the effect of haze on 
the brightness profile, a ir photographs are taken when haze is at 
a minimum, and from as low an altitude as requirements permit. 
Although some selective scattering by the atmosphere is unavoid­
able, application of correction factors permits satisfactory opera­
tions under average conditions from altitudes of 5,000 to 20,000 
feet.
Reflection of light from the sea surface depends prim arily on
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the sun altitude, the amount of cloud and the size of waves. Waves 
or swells affect the brightness profile in two w ays: they increase or 
decrease the length of water column through which the light is 
passing, and they also alter the surface reflection to an extent de­
pending on the angle of the water surface, the sun altitude and 
the amount of cloud in  the sky. Wave or swell effects may be dis­
tinguished from changes in the gradient or reflectivity of the sea­
bed by comparing brightness profiles constructed from overlapping 
photographs. I f  the disturbance is found to be moving relative to 
the horizontal scale of the profile, it may be ascribed to wave 
motion. Its  amplitude will depend on the depth and extinction 
coefficient of the water and will therefore vary with the filter used. 
Provided the wave motion shown on the profile is of small am­
plitude, i t  can be removed by drawing a mean curve through the 
points concerned. The analyses of overlapping photographs may be 
adapted to the study of wave action.
Variations in the extinction coefficient may result from changes 
in  pollution of the water, suspended m atter or a ir bubbles caused 
by wave action and turbulence, diatom outbursts, or mixing of 
different water types at the mouths of estuaries. I t  has been found 
th a t these effects on determinations of depths are negligible if  water 
is calm and a  few feet deep. A ppropriate corrections in  calcula­
tions enable depths and extinction coefficients to be determined 
from this point onwards. Analyses of variations in extinction co­
efficients a t a given location offer a means of determining pollution 
variations.
A fter passing through the water, the light reaching the seabed 
will be partly  diffuse and partly  parallel, the proportions varying 
over a wide range; the bed materal will act as a diffuse reflector, 
the fraction reflected varying from 0.50 to about 0.05, depending 
on the color and texture of the bottom and the wavelength of the 
light considered. A sudden change in reflectivity of the seabed 
will produce a discontinuity in the profile. A gradual change will 
alter the rate of curvature of the profile, and will appear as a 
change in the extinction coefficient or in the bottom profile. Gen­
erally, changes in bed-material reflectivity are immediately apparent 
from examination of a negative taken through a green filter. I f  
the seabed is not of uniform material, it is necessary to break the
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profile into short sections of approximately uniform  reflectivity, 
and to analyze each section separately.
Photographic Equipment
Two cameras were used in the m ajority of trials, one equipped 
with a W ratten  56 (green) filter and the other with a W ratten  27 
(red) filter. The lenses selected varied in focal length from 8 inches 
to 36 inches, and each pair of cameras was matched as closely as 
possible for focal length. They were mounted in the aircraft with 
their optical axes parallel. Both cameras had focal-plane shutters 
and were fitted with sensitometers in order that the relationship 
between the exposure given to each negative and the density pro­
duced after development could be determined. The sensitometer 
consisted of a calibrated step wedge which was evenly illuminated 
along its length by an electric lamp on each operation of the shutter.
Operating Conditions
Experience showed that certain well defined meteorological and 
sea conditions were essential. This was not found to be a serious 
disadvantage, as so much material was produced from a single sortie 
under good conditions th a t frequent sorties were unnecessary.
The sky should either be free from cloud, or fully covered by 
high cloud. Generally, the sun should be between 30° and 50° above 
the horizon. Haze should be at a minimum.
A part from navigational difficulties a wind invariably reduces 
the value of the photograph by:
a. Increasing the amplitude of waves on the w ater surface
and so distorting the brightness profile.
b. S tirring up particles from the seabed.
c. Causing local variations in the reflectivity of the sea
surface.
W ithout exception, the best photographs for interpretation were 
taken on days of low or no wind at the sea surface, although useful 
results have been obtained from photographs taken with a 10—15- 
m.p.h. wind blowing off the land.
Flying height is determined by the focal length of the cameras 
used. A scale of 1/8000 is desirable for the photographs since a
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larger scale, apart from giving insufficient cover, may-show too 
much wave detail and a smaller scale causes errors due to less 
accurate location of points whose densities are being compared on 
the “ re d ”  and “ green”  negatives.
Interpretation of Photographs
Three methods of interpretation are suggested in  the report by 
the British Army Photographic Research U n it :
I. Visual examination of prints without measurement.
II . Construction of brightness profiles from density measure­
ments on the original negatives.
I I I .  Constructon of brightness profiles from comparative tone 
measurements on specially prepared prints.
I. v is u a l  e x a m in a t i o n  o f  p r i n t s : The prin ts may be made 
by contact prin ting on a normal grade of prin ting  p a p e r; the p rin t­
ing exposure should be so adjusted that neutral-colored objects 
above the waterline are slightly under-exposed and of approximate­
ly equal tone on the “ green”  and “ re d ”  prints.
Two prin ts should be prepared from each infra-red negative:
a. One normal p rin t recording the maximum detail on the 
la n d ; on this p rin t the water will be completely black and the 
exact waterline will be sharply silhouetted against the land 
areas.
b. One very under-exposed print, showing almost no land 
detail bu t the maximum detail under the water.
The following observations can be made from the p r in ts :
a. The “ green”  prin ts show underw ater detail to the great­
est depth; under favorable conditions detail might be visible 
a t 50 feet or more.
b. The “ re d ”  prin ts emphasize the configuration of the 
shallow areas and enable estimates of relative depths to  be 
made in shallow water. Detail is never likely to be visible be­
low 20 feet.
c. The change in tone and in sharpness of outline of the 
rocks as the water becomes deeper gives an indication of the 
clarity of the water.
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d. Infra-red prin ts can be used either to show the exact 
position of the waterline or to assess the depth of very shallow 
water. On these prin ts seaweed on or just below the surface 
is very evident because of its high reflectivity for very deep 
red light, causing a contrast against the dark background of 
the water.
I t  is unfortunate that copies of photographs illustrating the 
many applications of the method are not immediately available in 
form suitable for publication. These photographs show variously 
submerged pollution in coastal water, seaweed beds, the effect of 
headlands on the clarity of coastal water, the underwater con­
figuration of certain beaches governed by wave action, and changes 
in  visibility of the seabed under various meteorological and sea 
conditions.
II. CONSTRUCTION OF BRIGHTNESS PROFILES FROM DENSITY
m e a s u r e m e n t s  o n  o r ig in a l , n e g a t i v e s : The procedure adopted 
for construction of brightness profiles from density measurements 
on the original negatives involved the analysis of a pair of “ green” 
and “ re d ”  negatives. The scale of the negatives was determined 
by comparison with a reliable map or from camera focal length and 
flying height. A line for the profile study was then selected, and 
points thereon designated by pin points. Distances to  the points 
from the shore line were measured graphically, and depths at the 
respective points were determined by comparison of film negative 
densities at each point with densities on the calibrated sensitometer 
scale. Special comparators and calculators perm itted these measure­
ments to be made accurately.
III .  CONSTRUCTION OF BRIGHTNESS PROFILES FROM COMPARATIVE 
TONE MEASUREMENTS ON SPECIALLY PREPARED PRINTS : Brightness 
profiles from comparative tone measurements are constructed from 
prin ts ra ther than  negatives. The method is about twice as fast 
as the density measurement method, but generally less accurate. 
A paper comparator is prepared photographically in steps with 
small tone differences that are calibrated by comparison with a 
p rin t from the sensitometer strip, and this is used for determining 
depths at various points on the selected profile line by comparison 
of tones.
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Comparison W ith Existing Methods
I t  has been shown that, if the water is calm and fairly  clear and 
the photographic conditions are properly chosen:
a. The underw ater detail can be recorded over large areas 
of the seabed to depths exceeding 30 feet.
I). Depths can be determined over light colored beaches 
with an accuracy better than 10% over a depth range exceed­
ing 20 feet. Independent depth measurements are not re­
quired, but, if available, they perm it the elimination of one 
camera or can be used as a check on the results obtained with 
two cameras.
c. The clarity or state of pollution of the water can be 
assessed in terms of mean extinction coefficients; these measure­
ments can be made practically simultaneously over large areas.
Distribution of Underwater Detail
There is probably no satisfactory alternative method to air pho­
tography for recording the detailed distribution of rocks, weeds, 
sandbars, obstacles, and similar detail of the seabed.
The Determination of Depths and Gradients
The peculiar advantage of the transparency method for deter­
mining depths or beach gradients in shallow water lies in the fact 
th a t a large number of records can be made over an extensive area 
within a very short time in terv a l; the records can then be examined 
at leisure and the effect of factors such as tides, currents, etc., which 
vary with time can be compared over the whole area. A lternate 
methods of recording depths, for instance by line or echo sound­
ing, will give more accurate results over greater depth ranges, but 
the records can not be obtained over a large area at anything like 
the speed perm itted by a ir photography, nor are they automatically 
related to  the geological configuration of the seabed.
The operational method of depth determination, known as the 
“ wave velocity method,”  is complementary to the present method 
as it  can be used when the sea conditions are unsuitable for pho­
tography of underwater detail; but it can not be used when the 
sea is calm or if the coastline is strongly indented, conditions most 
suited to the present work.
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Stereoscopic photographs have been used to determine the depths 
of shallow w ater; suitable conditions may however be difficult to 
obtain.
The Measurement of Water Clarity
All the existing methods of evaluating clarity are based on some 
form of measurement at or below a point on the w ater surface. 
They cannot be used to give information over an area, and there­
fore there is at present little knowledge of the effect of tides, cur­
rents, sun altitudes, seasons, and similar factors on the clarity of 
coastal water. The direct or indirect dependence of marine life on 
photosynthesis is, however, well known, and therefore it is con­
sidered that the present method provides a new and im portant tool 
for the marine biologist. W hether or not the extinction coefficients 
determined from air photographs are capable of exact physical 
explanation has not been determined, but they appear to be directly 
related to the clarity of water, and are extremely sensitive to the 
effects of pollution.
Possible Scientific and, Industrial Applications
Among the many possible uses of the “ Transparency M ethod” 
may be included:
a. Uses based on photography of underwater d e ta il:
S tudy of the geology and marine biology of the seabed.
Detection of submerged obstacles to navigation, including reefs, 
wrecks, etc.
The control of industrial pollution.
Archaeological study of submerged areas.
i .  Uses based on determination of depths and gradients:
The preparation of charts of shallow water areas.
The control of erosion and deposition on beaches, and in 
navigable channels and harbors.
Study of the effects of current and tides on the formation and 
movement of sandbars, beach gradients, etc.
Research on wave motion and tides in shallow water.
Recording depths of w ater for engineering purposes. (This 
will be particularly  valuable in relatively inaccessible areas).
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c. Uses based on the determination of water clarity:
Study of the effects on marine life of light of various wave­
lengths and intensities.
Control of pollution.
Identifying water types and recording coastal currents.
Planning engineering operation (e.g. diving and salvage) in
which submarine visibility is important.
Co nclusio n
I t  is gratifying to conclude from the few examples cited above 
and from subjects currently presented in other papers, that in this 
Atomic Age, in which all branches of science and engineering have 
made great strides, the hydraulic engineer retains his position as 
a progressive and essential element in the course of technical ad­
vancement.
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TH E ADVANTAGES OF COLLABORATION B ETW EEN  
ENG IN EERIN G  AND S C IE N T IFIC  F IE L D S
H arold E. S a u n d er s  
David Taylor Model Basin, Washington, D. C.
I ntro ductio n
Certainly no one will deny that if it is possible to salvage or 
recover something useful out of the perfectly appalling waste of 
war, it should by all means be done.
The war just concluded required for its winning, among other 
things, a great deal of both scientific and engineering work, often 
closely tied together. The collaboration between engineers and 
scientists in the course of this work was on what might be called 
a “ m ust”  basis, developed out of sheer necessity and sometimes 
out of desperation. W hat is im portant to understand now is that 
this collaboration is valuable, indeed necessary; th a t it  is a most 
useful feature of postwar research, development, and production ; 
and that it is one item, and a large one, that can be salvaged from 
the war.
Out of his background of war experience, both in the first and 
in the second W orld Wars, the author is convinced that there should 
be the utmost collaboration between engineers and scientists. Out 
of th a t same experience, and all that intervened, he can of course 
distinctly recall many other references to the contrary. Not more 
than fifteen years ago, the naval architects at the Model Basin re ­
ferred to the small nucleus of physicists as “ that gang of freaks 
up on the next floor.”
Much more recently the occasional use of the word “ plum bers” 
among the au thor’s various friends and acquaintances engaged in 
hydromechanics and hydraulics indicates that men in various fields 
are still a long way from appreciating each o ther’s work and the 
m utual assistance which might be rendered.
Seriously, now is the time to give the program for collaboration
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a fu rther impetus, when all the lessons of the past war are avail­
able for adaptation to the work of the future.
As a prelude to the argument in this paper, a few terms will first 
be defined and brief reasons will be given for collaboration between 
engineering and scientific fields. Two projects will then be described 
in which collaboration could have been of great assistance, and a 
number of other wartime projects will be mentioned in  which 
collaboration played a large part.
A number of projects in  the hydromechanics field will be listed 
which the author believes can only be solved through extensive 
collaboration. F inally a few simple directives for cooperative pro­
cedure will be outlined for the benefit of those who may not as yet 
have pu t their own thoughts in this m atter down in concrete form.
D e f in it io n  of T e e m s
Not to accentuate any difference, apparent or real, that may ex­
ist between the value and importance of an engineer and a scientist, 
it should be pointed out just what they are, what they have in 
common, and what potentialities they have for coordination and 
cooperation. A t the outset any implication that a scientist knows 
no engineering, or that an engineer is not “ scientific”  must be 
dismissed. In  fact, one hears constantly the term  “ engineering 
science”  although the term  “ scientific engineering” is ra ther more 
rare. "Whatever may be said of them severally, it may be assumed 
th a t both are energetic, enthusiastic, and ambitious, eager to ad­
vance their profession and striving to make use of it to benefit all 
mankind.
Some short simple definitions may be given of a scientist, an 
engineer, and a technician. The latter is included not for extensive 
consideration here but to round out the picture. Some might like 
to add “ m athem atician” ahead of “ scientist” . Naval architects 
are generally classed as engineers.
Briefly, a scientist is one who thinks, predicts, and explains; an 
engineer is one who feels, sees, and bu ilds; a technician is one who 
adjusts and operates. P u t in another way, the scientific field is 
largely m ental; the engineering field largely material.
According to an editorial in “ Mechanical Engineering”  of 
February  1946:
“ The scientist’s function is to explore and discover—the en-
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gineer’s is to apply these discoveries for the improvement of so­
ciety. The scientist is theoretical—the engineer must be practical. ’ ’
One would search fa r to find the function of each more succinctly 
stated, and to find the need for collaboration more forcefully ex­
pressed. Each field is shown to be the natura l complement of the 
other.
Webster defines an engineer as “ one (who is) versed in, or who 
follows as a calling or profession, any branch of engineering” . He 
defines engineering, in turn , “ in its modern and extended sense, 
the art and science by which the mechanical properties of m atter 
are made useful to man in structures and machines” . The inclusion 
of the word “ science”  in this definition at least frees the engineer 
from the stigma of not being scientific.
A scientist is defined as “ one learned in science” . Science, in 
its turn , is defined as “ accumulated and accepted knowledge which 
has been systematized and formulated with reference to the dis­
covery of general tru ths or the operation of general laws; knowl­
edge classified and made available in work, life, or the search for 
tru th ; comprehensive, profound, or philosophical knowledge.”
R e a s o n s  f o r  C o l l a b o r a t io n  B e t w e e n  S c i e n t i s t s  
a n d  E n g i n e e r s
A careful, disinterested look at the whole picture indicates that 
all the people in  one field, no m atter how good, cannot paint i t  by 
themselves, and it is possible to outline a number of reasons, specific 
reasons, why this is so. Those who wish to think this problem out 
can then have at least a framework of the argument.
First, scientists and engineers, working independently in  the 
past, have on innumerable occasions found themselves stymied or 
the results of their work unrecognized and unappreciated, because 
of lack of cooperation, assistance, and support from the other field.
They have worked along famously and furiously on some prob­
lem, with great enthusiasm and hope, only to find themselves sudden­
ly confronted with a blank wall. The engineer found that he could 
not think his way over or through it, nor could the scientist work 
his way around it. There each has stood, often unwilling at first 
to recognize his predicament, and many times too proud to call 
upon anyone else for help.
Second, the undertaking and accomplishment of any new and 
im portant achievement requires the formulation of new concepts,
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the expression of new ideas, and the preparation of new plans. I t  
requires also the design and building of new machines, and the 
development of new techniques, processes, and procedures, to en­
able the machines to be of benefit to the profession and to man­
kind. Success has not been achieved until all these steps have been 
accomplished.
Third, the fields of knowledge, activity, and endeavor are now 
too extensive to be covered in detail by the human mind, except 
by specialists in  particular branches of science. These specialists 
must then work together in each branch. The success with which 
doctors of medicine, of surgery, and of dentistry have built up and 
operated clinics, in which collaboration is the alpha and the omega, 
so to speak, shows th a t specialization is necessary and that co­
operation is workable.
Fourth, although the particular branches of science are divided 
into separate zones for the scientists or thinkers, for the engineers 
or builders, and for the technicians or operators, there must still 
be an overall, coordinated effort in each such branch to bring about 
definite progress.
F ifth , certain talented and exceptional individuals must be fos­
tered and developed who, in a general way, are able to visualize 
the whole picture in all the fields of any branch of science, and 
who are able to span all these fields with their understanding and 
direction. This end can best be brought about by intensive and 
continued collaboration between scientists and engineers, and by 
watching for outstanding performers.
There are many examples to illustrate one or more of the five 
reasons enumerated, but there will be space in this paper to describe 
only a few which for one reason or another have assumed consider­
able importance and which have had much less than their share of 
publicity.
One of these examples relates to the work of a scientist who was 
too fa r  ahead of his time and who lacked the advantages of the 
collaboration that is being discussed here. The other relates to the 
work of an engineer who was a naval architect. This man had no 
mean train ing  and ability as a scientist but he lived unfortunately 
before ideas of collaboration were as well developed as they are 
today.
In  Great Britain, during World W ar I, a most exceptional series
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of experiments was carried on by an engineer, H illiar by name, 
to determine the power and behavior of explosives used for depth 
charges, mines, and torpedoes, all exploded under water.
One may well ask what this subject has to do with a Hydraulics 
Conference, and why it should be used as an example here. I t  has, 
however, very much to do with the general subject of hydro­
mechanics, and if  nations take it upon themselves to destroy each 
other with underwater atomic bombs, it will be very much the con­
cern of many hydraulic engineers.
H illia r’s report on the explosion experiments mentioned has been 
a classic reference in the intervening years but when analyzed 
closely it leaves much to be desired in the way of accounting for 
underw ater explosion phenomena.
Some five years after the war, Butterworth, a British scientist 
attached to the Adm iralty Research Laboratory, wrote a scientific 
paper in which he deduced the existence of a phenomenon not pre­
viously known or suspected, which is now known as gas-globe pul­
sation. This behavior was at first thought most unusual, so much 
so that no one believed it. Certainly no one realized its significance 
or made any attem pt at that time to prove or to disprove it ex­
perimentally.
This paper by Butterworth apparently stirred  no ripple upon 
the surface of scientific thought in England, which in 1923 was 
try ing to forget the war. The very existence of the paper, as fa r 
as the author has been able to learn, was not even known in the 
United States until nearly 20 years later. I ts  existence could hard ­
ly have been known on the Continent of Europe because in 1937 
a French naval officer by the name of Ottenheimer published a 
scientific communication on the same subject, putting  forth  the 
same theory of pulsation.
In  1940 and 1941, a group of American scientists and  engineers, 
using engineering instruments in the form of high-speed motion 
picture cameras, actually photographed the pulsation phenomena 
of an explosion gas globe, first at the Woods Hole Oceanographic 
Institu te and later a t the David Taylor Model Basin.
A t almost exactly the same time German scientists, seeking for 
justification of the gas-globe pulsation theory of Ottenheimer, found 
it  with engineering instruments, again using ultra-high-speed 
motion picture cameras.
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Based upon this entirely unexpected pulsation phenomena and 
upon water pressure, energy, and momentum data obtained by an 
array  of engineering instruments, the theory of underw ater ex­
plosions has since been set down quite fully, but this time by 
scientists ra ther than by engineers. The engineers, thinking and 
working along engineering lines, could probably not have done 
much more with the phenomenon than to observe and record it.
By close cooperation between the engineering and scientific 
groups engaged in this research, however, more has been learned 
of underwater explosions since 1940 than was known in all pre-
F ig . 1— A  " S t a t io n a r y  M o t io n  P i c t u r e ”  I l l u s t r a t in g  G a s  G l o b e  
P u l s a t i o n  (TMB Negative 20610)
This photograph shows four consecutive sections of a high-speed motion 
picture film illustrating the explosion of a detonator half-cap a few inches 
under water. The strips read from upper left to lower right.
The detonator is marked by the small horizontal arrow in the upper left- 
hand frame; the large vertical arrow at the left of that frame points to the 
waterline in the chamber where the explosion took place.
The increase in size of the gas globe to about the bottom of the second 
strip is clearly evident. The two right hand strips show the gas globe con­
tracting until at the point marked B it has reached its first minimum diameter. 
Following this it again increases in size and the pulsation cycle is repeated.
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vious history up to that time. I t is certainly conservative to state 
that this phenomenal progress would have been impossible without 
whole-hearted cooperation between the scientists, the engineers, and 
the technicians engaged in it.
Some may say that these results, even with collaboration, would 
not have been achieved when Butterworth first predicted gas-globe 
pulsation in 1923 because the a rt of electronics was not then suf­
ficiently advanced to enable its use in the making of ultra-high-speed 
photographs.
W hether or no, B utterw orth’s theory lay unknown and unused 
for 17 years because he could not prove his point to the eyes of a 
world that would not believe him without seeing that what he said 
was true.
When engineers did prove that it was valid, they could do little 
or nothing with it until the scientists took hold and developed ex­
planations for migration and other phenomena which the pictures 
brought to light.
No one would- have believed that the engineer’s pictures, which 
showed what appeared to be cavitation in the close vicinity of an 
underwater explosion, were not deceiving in their cleverness until 
the scientists got immediately to work and explained the negative 
pressure area behind certain types of reflected shock waves.
Here then was an engineer, Hilliar, who could go so fa r  and 
no farther by himself. Here was a scientist, Butterworth, who, 4 
years later, got nowhere by himself for 17 years. F inally  there 
came other engineers who first saw a most wonderful phenomenon 
but who could not do anything with it. Lastly came a phenomenal 
wartime development by close cooperation between scientists and 
engineers, which for the first time in history leaves us nearly in 
command of the underw ater explosion situation ra ther than be­
wildered by it.
Another example, along somewhat more familiar lines, goes back 
even farther than W orld W ar I ; in fact, to the beginning of the 
century, but it carries on to the present and it has implications in 
the future. I t  likewise shows what could have been done had colla­
boration been developed and in use in those years.
In  the early 1900’s Naval Constructor David W. Taylor, for 
whom the modern ship model testing establishment at Carderock, 
Maryland, was named, was just beginning work on a model pro­
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gram in the United States at the U. S. Experimental Model Basin 
in Washington.
He was running tests, among many others, on a model of a con­
tem porary British warship, the R o y a l  S o v e r e ig n , and to his sur­
prise found that the ship form was one of remarkably low resist­
ance. He is reported to have looked at the model many, many times 
to discover its secret, and then to have tapped the odd projecting 
ram bow with his walking stick, remarking at the same time, “ I 
believe there is something in th is !”
He proceeded with experiments on other types of bows, full be­
low the waterline, by the eut-and-try method, until by 1 9 0 7  he had 
developed a form which is now known as the bulb bow. A bow of 
this kind was incorporated in the United States battleship D e l a ­
w a r e , which was completed and placed in service in 1 9 1 0 . This 
type of bow has been in  use in the United States Navy ever since, 
although to read the publicity pu t out by the Germans around 
1 9 3 0 , when they were building the B r e m e n  and E u r o p a , one would 
have thought they invented it.
By 1922 Rear Admiral Taylor had so fa r developed the bulb 
bow, utilizing tests on systematic series of models, that he published 
a paper giving the design criteria and rules for this form. With 
his usual excellent judgment, and his scientific qualities, he selected 
the proper parameters and enunciated a design procedure which 
is in use to this day.
However, the whole structure, good as it was, had been built 
upon what might be called intuitive processes. There was as yet 
nothing in the way of a theory as to why  the bulb bow was as good 
as it was, or what to do to make it better, unless one were as good 
a t scenting leads as Admiral Taylor. In  other words, the project 
had not emerged from the engineering field.
I t  was for many years after 1922 suspected that the bulb bow 
could be still fu rther improved but no one knew what to do—what 
way to turn.
In  1930 a young man on the Experimental Model Basin staff by 
the name of John G. Thews, under the leadership of Captain E. 
P. Eggert, the Officer-in-Charge at that time, undertook to  find 
out why the bulb bow decreased the resistance of a ship.
Thews’ position was unique in that he had to bear the b run t of 
being one of the first physicists in a group which until then had
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been composed exclusively of naval architects and engineers. He 
was definitely an “ ausländer,”  an outsider; who was he to think 
that he knew anything about ships or models or naval architecture, 
or in fact that he knew anything useful ?
Nevertheless Thews started to work in a small 32-foot model 
basin, using some small models only 2 feet long. Thews suspected 
that the decrease in resistance had something directly to do with 
a decrease in the wave-making around the model, as well it might
F ig . 2— T h e  B u l b  B o w  o n  t h e  L a r g e s t  W a r s h i p  E v e r  B u i l t  
(Public Relations Office, New York, File 3188)
This official U. S. Navy photograph of the 45,000-ton aircraft carrier 
F r a n k l i n  D . R o o s e v e l t  shows the bulb bow which has for several decades 
been characteristic of the bow form of almost all large vessels in the United 
States Navy.
The proportions and relative size of the bulb depend upon many other 
factors in the design and characteristics of the ship. For the vessel shown 
liere the bulb is relatively small; for high-speed vessels like destroyers the 
bulb actually forms a part of the forequarter of the vessel, lying at a con­
siderable distance abaft the bow.
Aircraft carriers have such a large flare forward that the anchors can be 
placed far enough outboard to clear the bulb when dropping; this require­
ment presents a problem in a vessel of normal shape with a large bulb.
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(and does), and fu rther that the bulb had something directly to 
do with the wave-making process.
To make a long story short, Thews emerged in 1931 with the 
answer, proved by model experiments to be sure, but thought out 
nevertheless, and by a physicist who was not supposed to know 
anything whatever about ships! He had succeeded in explaining 
the benefits of a feature which had already been in use for 25 
yea rs!
A t about the same time the answer was also achieved by W. C. S. 
Wigley, a scientist in England, working along entirely theoretical 
lines, with no cooperative model experiments whatever. Wigley 
could hardly be called a physicist; he was in fact a mathematician.
The answer, like many other scientific and engineering solutions, 
is absurdly simple. The ship, as is well known, creates a definite 
wave pattern  alongside i t ; as is not so well known, the bulb, under 
water, creates an equally definite wave pattern  on the surface above 
and behind it. I f  the bulb and the ship can be so proportioned 
and so placed as to neutralize their respective wave patterns, the 
net amount of wave making will be reduced, and the ship power 
with it.
Scientific thinking had done what careful and systematic testing 
could not do.
This was a great step in advance, for it  gave a lead as to the 
direction in which fu ture research should go. B ut soon, with all 
this knowledge, came another impasse which, after 15 years, still 
confronts the ship designer.
I t  was learned that for certain types of ships and for certain 
conditions, the bulb on the bow of a ship should, for minimum re­
sistance, be much larger, extend much farther forward, and be 
carried much deeper down than had been the previous practice.
Obviously the bulb could not be lowered on large ships because 
of d ra ft limitations; the w orld’s harbors and dry docks could not 
be deepened just to save a few per cent on power on a few ships. 
The bulb could go farther forward, possibly much farther forward, 
if the turn ing  and maneuvering problem could be solved; it is now 
known that this objection can be overcome. But—and here is the 
rub—the bulb cannot be made any larger without more trouble 
than is already being encountered with the problem of anchoring 
and mooring.
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Anchors now hit bulbs on bows with disconcerting regularity; 
they would punch holes in larger bulbs. A t present therefore ship 
designers are waiting for some enterprising engineer to develop 
a new anchoring and mooring system that will make it possible 
to house the anchors in and run  the anchor chains out from the 
bottom of the bulb, in other words, from the bottom of the ship.
Close collaboration on this problem in the early 1900’s instead 
of the separate lines of endeavor described here might have solved 
this problem fully 30 years ago, in time for the solution to have 
been used in two world wars. A t the moment the collaboration ex­
ists in spirit and when the personnel are again available for this 
project an early solution may be expected.
S om e  E x a m p l e s  a n d  R e s u l t s  op S cientific  a n d  E ng in e er in g  
T ea m w o r k  i n  W orld W ar II
Fortunately, the spirit and the processes of collaboration were 
sufficiently well developed in some organizations by the time of 
the national defense emergency in 1940 to prove the great value 
of this procedure in W orld W ar II. Security restrictions have 
been relaxed sufficiently to perm it describing some of the results 
achieved as a direct result of this cooperation.
The examples in this paper will be confined generally to hydro­
dynamics, so as not to conflict with the developments in hydraulic 
engineering which have been described in  the paper preceding.
One of the problems which engaged the attention of all the 
warring navies during the recent hostilities was that of periscope 
vibration, to be discussed in  its scientific aspect by Dr. Steinman 
later in this conference. This and the two examples already men­
tioned emphasize not only- the desirability bu t the necessity of 
collaboration between the scientific and engineering fields.
Every submarine commander and every person who has ever 
used a periscope in a submarine knows th a t at speeds less than 
the maximum speed submerged the fully-extended periscope vibrates 
violently. Not only is it impossible to see anything but there is 
grave danger that the periscope tube may be bent or that the optics 
may be damaged.
The mention of a von K arm an vortex street to a submarine com­
mander prior to W orld W ar I I  would have brought forth  a quiz­
zical look compounded with amazement as to how such a person
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ever got aboard the submarine in the first place. Periscope vibra­
tion was taken for granted like sunburn and thirst. Engineers and 
naval architects by themselves had never been able to do anything 
about it except to stiffen and shorten the unsupported length of 
the periscope tube, following the handbook formulas. The author 
was one of those naval architects; he speaks from experience.
Finally, it appeared early in this war that something had to 
be done if submarines were not actually to be penalized by sub­
merged speeds they could not use. The problem was given to the 
David Taylor Model Basin, and there, in turn, to two scientists, 
one a former mathematician and one a former meteorologist. This 
does not sound like collaboration, it is true, except that the first 
phase of the job was turned over to the scientists by the engineers!
These scientists soon found that the problem had indeed been 
tackled before by other scientists, that the vibration was being 
caused by two rows of vortices or eddies, and that under certain 
conditions the flow could be smoothed out and the vibration re­
duced or prevented. If  a golf ball could be made to travel through 
the air in a fairly uniform curve by covering it with dimples, why 
could not a periscope be made to do the same in water?
Having confirmed these prior deductions as to the cause of the 
vibrations by model experiments in water and having tied these 
results in with the elastic vibration characteristics of the cantilever 
cylinders, the two scientists, Landweber and Grimminger, then 
tackled the problem of changing the type of flow about the cylinder 
so as to change the separation point and the eddy magnitude and 
characteristics.
They had to bring the engineers back into the job to determine 
ju st how much and what kind of surface roughening could be 
tolerated in the mechanical installation on the submarine. In  fact, 
the features of many roughening schemes were worked out to­
gether, having in mind the effect of the irregularities on the hydro­
dynamics of the problem, the effect on the rigidity  of the periscope 
tube, the methods of machining the tubes, and the problems of 
supporting the tube at the upper bearing and of maintaining water­
tightness at the pressure hull of the submarine.
I t  soon became evident that if the improvements were to be of 
benefit in W orld W ar II, a more or less complete new arrangement 
had to be presented in which all the parts had to fit together,
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functionally as well as physically. The groups designing and build­
ing new submarines for our Navy had to be presented with a co­
ordinated and integrated scheme, possible only by the utmost 
collaboration between the scientists and the engineers.
I t  was found during the war that the Germans were working on 
the same general type of solution, endeavoring to change the flow 
and eddy pattern  by roughening the periscope. I t  was undoubtedly 
a disappointment to scientists on both sides, to find that although 
the irregularities did change the type of flow around the tube and 
improve m atters considerably, this happened in a speed range quite 
out of the one in which W orld W ar I I  submarines could operate.
The solutions proposed and tried  during the recent war were 
by no means the final answers, so this is a story of success not yet 
achieved. I t  is nevertheless a source of great satisfaction to know 
why the periscope is acted upon by periodic forces, how it vibrates, 
and why the drag is greatly increased when this vibration occurs. 
I t  is a creditable demonstration of collaboration in its best form 
to know that the exciting forces can be and have been reduced. 
Some day a practical and working installation will be evolved. In  
the meantime, the information now available may be of considerable 
usefulness in some other field of hydraulics.
Collaboration along somewhat different lines has produced a most
F i g . 3— M o d el  o r  G e r m a n  J e t  A ir c r a f t  E n g i n e  f r o m  G o t t in g e n  
(TMB Negative 20724)
This superbly-constructed model was found in tlie laboratory of Dr. H. 
Reiehardt at the Kaiser Wilhelm Hydromechanics Institute at Gottingen, 
Germany, where it was being tested in a wind tunnel.
The body of the model is 22% inches long and 4% inches in diameter. The 
air enters the large nozzle at the nose and leaves through an annular opening 
at the tail. Inside the model, not visible here, are stationary and moving vanes 
representing corresponding parts of the air compressor and gas turbine.
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interesting series of developments in  the form of what is known 
as constant-pressure boundaries. Its  aim lias been to produce a 
contour for engineering structures traveling through air or water 
at high speed which shall be free from separation or compressibility 
effects in the air or from cavitation effects in the water.
One of the most unusual of these developments was that carried 
on in Gottingen in connection with jet-engine nose housings for 
high-speed German airplanes. Fig. 3 illustrates a wind-tunnel model 
built for resistance, flow, and pressure-distribution tests.
The nose contour, representing an exposed portion on the a ir­
plane, was developed by copying the cavitation cavity formed in 
a variable-pressure water tunnel behind a circular disk placed 
normal to the stream, representing the nozzle at the nose. Under 
these conditions a constant-pressure boundary is formed, which 
is apparently as effective in air as in water.
The cavitation which takes place when the pressures at the sur­
face of an immersed body fall to the vapor pressure of w ater is 
strikingly illustrated in Fig. 4.
F ig . 4— Ca v it a t io n  A r o u n d  a  S t r u t  T r a v e l in g  a t  H i g h  S p e e d  i n  W a t e r  
This photograph was taken in a variable-pressure water tunnel of a model 
attached to the under side of a flat horizontal plate. The water stream is 
moving from left to right. The streamlined body is free from cavitation but 
the pressure at the sides and trailing edge of the supporting strut has fallen 
to the vapor pressure of the water and a cavity has formed there.
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Despite all the study that has been concentrated on streamlined 
struts through the years, these structures had been designed and 
developed almost wholly by engineers up until the beginning of 
the recent war, without a detailed study of the pressure distribu­
tion around them under the many varying conditions under which 
they operate.
The design of stru t sections to achieve certain selected or con- 
stant-pressure distributions has been a  theoretical approach 011 
the part of interested scientists, until within the past few years 
the engineers and scientists have combined forces to produce certain 
special shapes for particular applications.
The E P H  section illustrated in Fig. 5 is one of these, intended 
to reduce frictional resistance, save weight, and eliminate the fine 
tail of the orthodox streamline section which is so expensive to 
fabricate and so difficult to protect against erosion in service. The 
E P H  section was derived entirely by scientists using analytical 
and theoretical methods, to meet the urgent practical needs of
Chord/Maximum Thickness ■ pPH = 6 .0  - j j - = 7 .5
Position of Maximum Thickness 0 .4 4  L EPH 0 .35  L T
F ig . 5— Co m p a r is o n  o f  U .  S . N av y  S t a n d a r d  S t r u t  S e c t io n  w i t h  T a y l o r  
M o d el  B a s i n  EPH S t r u t  S e c t io n  ( T M B  Negative 20770)
The streamlined strut section developed by Rear Admiral D. W. Taylor and 
used on U. S. Naval vessels for many decades is shown in full lines; the EPH  
(Ellipse-Parabola-Hyperbola) section developed by the Taylor Model Basin 
during World War II by a theoretical approach is shown in broken lines.
For reasons too detailed and complicated to go into here the two sections 
are "not strictly comparable on a basis of all the factors involved. This draw­
ing is included to show the general similarity, except at the tail, between the 
EPH section, developed at one operation as it were, and a section resulting 
from many years of testing and service experience.
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engineers. The new section is not intended as an outright replace­
ment for the old, by any means. Like most other devices of its 
kind, it is intended to be used only where it fits best and where 
it is superior to others.
On the subject of erosion, always of interest to hydraulic en­
gineers, it may not be out of place here, in a discussion of peace­
time utilization of war experience, to mention briefly a process of 
preventing erosion on Kaplan-type propeller blades which is con­
sidered fa r superior to any hitherto employed in the United States. 
Here it has been the custom for many years to apply a cladding 
to the blade surfaces where erosion was expected in the form of 
multiple beads of corrosion resistant steel, laid on the cast-steel 
surface of the blades in a very slow and laborious fashion.
C o r r o s i o n - R e s i s t o n t  P l a t e  F a c i n g
F ig . 6— D ia g r a m  o f  E r o s io n -R e s i s t a n t  Cl a d d in g  A p p l i e d  to  K a p l a n  T y p e
P r o p e l l e r  B l a d e
This sketch was made from memory following the author’s visit to .the 
Escher Wyss plant at Ravensburg, Germany. The cladding plate is punched 
with elongated holes as at A, plug-welded with 18-8 rod as at B, and the 
welds are ground smooth as at C.
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A t the Escher Wyss P lan t in Ravensburg, in southwestern Ger­
many, the author saw special cladding in the form of corrosion- 
resistant steel sheets about 5/32-inch thick, being applied to the 
face of the cast-steel blades by plug welding through large oval
F ig . 7— T h e  E s c h e r  W y s s  R o l l in g  M o d el  a t  R a v e n s b u r g , G e r m a n y  
(Greenougli Negative G -43-4-4)
This installation, undoubtedly the largest and most pretentious of its kind 
in existence, comprises a tank 65 feet long and 45 feet wide, in which there 
floats a steel box-shaped model 60 feet long by 10 feet wide by 8 feet deep, 
weighing about 60 tons when ballasted for tests.
The model can be made to roll up to 25 degrees or more to each side by 
raising and lowering the water levels at the sides of the tank, and automatic 
or manual stabilization gear within the model can be used to study roll 
quenching.
holes in  the sheet, in the manner shown by the diagram of Fig.
6. A sample of the welding rod brought back to the United States 
and analyzed showed that it was an 18 per cent chromium—8 per 
cent nickel m aterial; unfortunately it  was not possible to obtain 
a sample of the cladding.
A t the Escher Wyss P lan t at Ravensburg there was also seen 
what is undoubtedly the largest ship-rolling model setup in the 
w orld ; an overhead view of it is included as Fig. 7. The research 
project for which this model and its rolling tank was built is still
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another example of the necessity for collaboration between the en­
gineering and scientific fields of today.
I t  seems not well remembered that the elder Froude, from whom 
the well-known Froude number takes its name, was in himself an 
admirable and an unusual combination of scientist and engineer. 
When he undertook the first extensive study of the rolling of ships, 
he was thus able to combine in his own mind and in his own hands 
the various processes, which are so difficult as to tax  to the utmost 
the capabilities of mathematicians, scientists, naval architects, and 
engineers. The individual problems have by now become so in­
tricate that it is no longer possible for one man to envision and 
work on them all, so the tasks must be divided among a group 
from all the fields involved, who must work together if  continuing 
progress is to be achieved.
F u rth er examples could be quoted and described by the dozens, 
such as non-ricocheting noses for aerial bombs and torpedoes 
dropped from high-speed aircraft into water, detachable cable fa ir ­
ings to eliminate vibration under water, high-performance light­
weight depressors for trawls and minesweeping gear, and miniature 
water tunnels and channels, but there will be space to mention only
F i g . 8— T h e  TMB P l a n in g  F l o a t  i n  a  5 -K n o t  Cu r r e n t  
(TMB Negative 15558)
A hollow metai float about 40 inches long is shown here being tested in a 
large circulating water channel. I t  is being held in position by a wire rope 
bridle and a towline leading down to the bottom of the channel, 9 feet below. 
These floats have been towed satisfactorily from submarines submerged to 
100 feet. The float can be thrown into the water in any position and it will 
immediately assume its proper attitude.
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two more which have come directly out of the experience of the 
war ju st concluded.
The first is the development of a so-called planing float which 
can be towed by a submarine or other object moving under water, 
or which can be used as a fixed, anchored buoy in a swiftly-moving 
stream of water. Most objects of this kind developed in the past 
towed under at higher speeds, pulled under if topped by a wave,
F ig . 9— T h e  U n d e r w a t e r  S h o c k  W a v e s  f r o m  T w o  S m a l l  E x p l o s iv e  C h a r g e s
Two detonator caps were attached to a horizontal wood bar, connected in 
series, and fired simultaneously by the application of a 2000-volt potential to 
the lead wires. The detonator at the left is surrounded by a gas globe, shaped 
in this early stage like an inverted large-neck bottle. The porcupine flash effect 
around the detonator at the right is probably the result of some secondary high- 
voltage discharge.
This is a single-flash photograph, and the duration of exposure here was 
about 2 microseconds (2 x 10-6 second). The light fringes at the lower outer 
portions of the two shock waves are as yet unexplained.
or broke the towline or mooring line because of excessive drag at 
the maximum speed. A new float of simple form, shown in  Fig. 
8, meets all the hydrodynamic requirements, has fully-develop able 
surfaces so that it can easily be made of sheet metal, and tows under 
water about as well as on the surface. I t  can be rigged with a 
mast and flags, or it  can be provided with an automatic water 
spout, to make i t  more visible in rough water.
In  the course of the underwater explosion research of the 1940- 
1946 period, mentioned previously, it has been found possible to 
photograph the shock wave propagated through the water by the 
detonation of an explosive charge under water. Fig. 9 is such
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a photograph, showing two shock waves from detonators fired in 
a small tank.
These and other photographs appear to disprove the old adage 
that water is not compressible.
The technique developed here by a happy combination of scien­
tists and engineers should prove valuable in the study of many 
hydraulic problems of the present and the future.
H y d r o m e c h a n ic s  P r o b l e m s  A w a i t i n g  C o m p r e h e n s i v e  
I n v e s t ig a t io n
I f  the accomplishments of the past decade, both in this country 
and abroad, seem remarkable, they are still dwarfed by the formid­
able array  of research and development that remains to be under­
taken and worked upon.
Only a few of these subjects can be mentioned here; there is 
unfortunately not space to discuss them. The selections have been 
made because they emphasize the advantages, indeed the necessity 
of collaboration between the engineering and scientific fields.
The problems selected are listed as belonging to the larger field 
of hydromechanics but their solutions will in practically every 
case be of direct benefit to what is known as hydraulics, in  one way 
or another. Some of them are in course of investigation; others 
are as yet untouched. All of them are a challenge to scientist, en­
gineer, and technician.
The most frightening lesson learned from the war ju st con­
cluded, most fortunately in  a manner favorable to the United 
Nations, was the almost desperate lack of basic information on the 
fundamentals of the nature of the sea and the behavior of bodies 
in  it. There was almost no information on background noises in 
the sea, the transmission of sound in it, the creation of sound by 
vibration and cavitation, and the sound fields around ships and 
torpedoes. Precious war months and years were spent in making 
these background studies before development work on many specific 
devices could be concluded. Prom  all accounts the Germans and the 
Japanese were in the same predicament, otherwise the outcome 
of the w ar might not have been so fortunate for the Allies. This 
cannot be perm itted to happen again.
The Germans were in one respect much more farsighted than 
the Allies, when the personnel of the Nachrichtenmittelversuchs-
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kommando (NVK) designed, built, and placed in operation in 
the middle years of the war a large tank in which acoustic experi­
ments could be made in sea water under laboratory conditions. A 
general view of this most unusual test facility is shown in Fig. 10.
To return to the more general problems mentioned at the be­
ginning of this section, the first and most important is a study 
of water; in other words, a study of water as one of the principal 
media of our material world which will remain the same in any 
atomic or superatomic age, and with which every person is in­
timately associated, certainly every person at this conference. This 
includes a detailed study of sea water and the basic differences 
between it and fresh water.
There will be space here only to list briefly a number of the
P ig . 10—A  G e n e r a l  V i e w  o p  t h e  N V K  A c o u s t ic  T a n k  a t  P e l z e r h a k e n ,
G e r m a n y
This tank was 328 feet long by 131 feet wide by 13 feet deep and was re­
ported to have been lined with material around the sides which made it, 
acoustically speaking, the equivalent of the open sea.
Two long bridges each 350 feet long, one of which is shown here, were 
suspended from the roof girders and could be moved to any desired trans­
verse positions. A car ran lengthwise on rails on each bridge, one car to 
carry a model representing a ta rget and the other to carry one or more hydro­
phones to represent the searching device of an acoustic torpedo or similar 
underwater weapon.
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more specific problems confronting cooperative groups of scientists 
and engineers.
a. Study of gas nuclei and bubbles in fresh and sea water and 
their effect upon cavitation.
b. Further study of cavitation and the causes of erosion.
c. The formation and behavior of spray, as affecting the opera­
tion, preservation, and habitability of objects in and around the 
sea.
d. Surface patterns on the sea, as created by oil and foreign 
matter, revealing the passage or the presence of ships.
e. The formation and behavior of phosphorescence in the sea, 
and its association with pressure, turbulence, or other phenomena.
f. The phenomena and kinetics of wave slap, wave impact, and 
breaking waves.
g. The fundamentals of seiche formation and behavior, suf­
ficient to predict the presence and characteristics of seiches.
F i g . 11—T h e  Ca v it y  a n d  t h e  P l u m e  
F o r m e d  b y  a  S p h e r e  D r o p p in g  in t o  
W a t e r  ( T M B  Negative 19625)
This is an example of some of the 
basic research work carried on during 
World W ar II .  As a part of the study 
of air-water entry phenomena, having 
to do with the behavior of bombs and 
torpedoes dropped into water, tests 
have been made with spheres of vary­
ing density. The peculiar fluting along 
the sides of the cavity is not yet fully 
explained.
The water surface is a t  the " n ic k ”  
between the cavity and the enlarge­
ment a t the base of the plume.
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h. The suppression of surface disturbance at the point of entry 
of a strut in a stream of fast-moving water.
i. The distribution of flow and pressure around two bodies 
placed side by side in a stream.
j. The study of cavitation phenomena behind fixed and moving 
bodies.
k. The elimination of surface waves in a stream of moving 
water. This involves, among other things, uniform wetting of 
materials in contact with liquids.
1. The development of an accurate, simple indicator to measure 
ship speed in the open sea.
m. The control and movement of water in the activated tank 
system of ship-roll stabilization. This has previously been men­
tioned in connection with Fig. 7.
n. The study of the hydromechanics of molten metals. A sug­
gestion that engineers and scientists engaged in hydraulic prob­
lems should devote some attention to the behavior of the molten 
metal in an electric arc used for fusion welding may come as a 
rather complete surprise to many of them. Gas inclusions, spatter,
E ig . 12—A n  U l t r a -h i g h -s p e e d  P h o t o g r a p h  o f  M o l t e n  M e t a l  i n  a n  
E l e c t r ic  W e l d in g  A rc  ( T M B  Negative 21008)
This extraordinary photograph, a  single frame from a colored motion picture 
taken by the Reid-Avery Company of Dundalk, Maryland, shows the behavior 
of molten metal in the process of forming a weld. The motion picture was 
taken a t a rate of about 3000 frames per second.
The stream of molten metal, looking something like a thick waterspout, 
can be seen ju s t below the dark end of the coated electrode. The bright dots 
are globules of molten metal being projected from the welding area by the 
tornado w ithin; these globules are the cause of objectionable “ sp a tte r”  in 
welds of this kind.
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and the vagaries of molten metal are very real problems to the 
welding engineer, and there is a most interesting field here for 
some enterprising group of scientists and engineers, utilizing 
modern methods and techniques.
o. The preparation of a library catalog to cover all branches 
of hydromechanics, excluding gas mechanics for the present.
To elaborate somewhat upon the last item of this list, the prep­
aration of a library catalog to cover all branches of hydromechanics, 
involving hydraulics, hydrostatics, hydrodynamics, and all other 
subjects which belong under the general heading would fill a long­
standing need in the profession.
It  involves a considerable amount of collaboration between scien­
tists on the one hand and what might be termed ‘ ‘ library engineers ’ ’ 
on the other. In  the latter field there have been developed certain 
mechanical procedures for filing and for referencing the greater 
part of all published data, but there is lacking the comprehensive 
vision to see the hydromechanics picture in its entirety, and to set 
up a cataloguing framework that will serve not only for present 
but for future literature.
I t was hoped to include a small sample of this development in 
the present paper, but the task was found too difficult and the time 
too short to make an acceptable presentation.
C o o per a tiv e  E f f o r t  i n  S c ie n t if ic  a n d  E n g in e e r in g  F ie l d s
Is E s s e n t ia l  to F u t u r e  P rogress
The entire field of hydromechanics, embracing not only hydrau­
lics but hydrostatics and hydrodynamics, must be covered search- 
ingly and systematically to find the knowledge and the data re­
quired for real progress in one or all of the separate fields. The 
talent represented in this Hydraulics Conference, a conference 
devoted primarily to hydraulic engineering, does and must com­
prise knowledge and understanding of practically all fields and 
all branches of the general subject of hydromechanics.
The whole field of hydromechanics is too comprehensive and too 
all-embracing to be explored by any one group, either scientists 
or engineers, considering the initial theoretical investigations and 
analyses, the tests and experiments, and the subsequent develop­
ment work to be done.
The author, for one, can think of no really valid objections to
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or disadvantages in a cooperative procedure that can be presented 
as a basis for argument by persons in any one field. The expanse 
of territory still undiscovered is too vast by far to be covered, for 
example, by the combined research activities of all the available 
members of any one national technical society. The inhabited 
territory is still clamoring for more and better products than the 
routine activities of these or other members of the related pro­
fessions can provide.
The several groups in the scientific and engineering fields must 
unite to span the horizon, as it were, if real progress is to be made.
J o in t  D ir e c t iv e s  a n d  C o o per a tiv e  P ro ced u r es  fo r  
S c ie n t is t s  a n d  E n g in e e r s
The remarks in this section apply primarily to cooperation in 
any one establishment or group but the same general principles 
apply to collaboration between groups or between whole professions.
Where close collaboration is not now underway, or has not been 
fully worked out, some general principles and rules may be use­
ful to those who wish to make use of them.
1. Management must overcome whatever unnecessary and use­
less antagonism exists between “ plumbers” and “ dreamers” .
2. Projects, when laid out at the beginning of an undertaking, 
should include the work to be performed and the expected con­
tributions of each group, so that each such group may realize at 
the outset that the work which they are to do is essential to the 
project as a whole.
3. There must be some definite, fairly systematic procedure 
whereby one group can assist another group, in the mawner that 
the latter group wishes.
4. Each group should have pointed out to it, and be shown, 
the definite contributions and accomplishments of the other groups, 
in a practical, understandable manner.
5. The work and contributions of each group must be publicly 
recognized and appreciated, by visits, by publicity, or by other 
accepted methods. For example, the mechanics must not be made 
to feel the white-collar workers get all the glory.
6. All hands should be indoctrinated in the principle that it 
is the end result which counts, not necessarily the work of any 
group or the efforts of the workers in any one field.
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7. Finally, the whole collaboration procedure must be tempered, 
from first to last, with consideration, toleration, and respect by 
the persons working in each field for the persons working in the 
other. There must be a recognition of definite limitations and actual 
needs on the part of the people in each field, and of the extended 
view and the assistance to be rendered by the people in the other.
This may not always be the major feature of any collaboration 
but it is a requirement that must be met.
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RECENT DEVELOPMENTS IN METHODS OF 
MEASUREMENT
Session Chairman: L . A . J o n e s  
Chief, Division of Drainage and Water Control,
Soil Conservation Service, U. S. Dept, of Agriculture
I n t r o d u c to r y  R e m a r k s
Progress in research and technical development is intimately 
related to methods of measurement of fundamental quantities. Up­
on accuracy of measurement often depends the success or failure 
of an investigation. Frequently, too, progress cannot be made in 
certain areas until new methods of measurement are developed.
The war just ended brought great stimulus to instrumentation 
of all kinds and it is to be expected that the development along 
instrumental lines will open up many fruitful fields of measure­
ment in scientific areas. The hydraulic engineer is among those 
who may expect to profit from modern equipment.
Great advances have been made in photography. Perhaps no­
where in this country, however, has such extensive use been made 
of photographic measurement of hydraulic phenomena as at the 
California Institute of Technology. The Conference is fortunate 
in having as the first speaker Mr. Hugh Stevens Bell, Research 
Engineer from that institution and an expert in photography. His 
subject is “ Photographic Techniques in Experimental Hydraulics.”
The phenomenal development of electronic equipment during the 
war is well known in a general way. Application of electronic de­
vices to hydraulic measurements is probably less well understood. 
Of interest to all, therefore, is the second paper, to be presented 
by Dr. Stuart W. Grinnell, Research Associate in the Department 
of Chemistry at Stanford University. Dr. Grinnell’s subject is 
“ The Application of Electronics to Hydraulic Research” .
All engineers dealing with river behavior are aware of the value 
of reliable and accurate hydrologic instruments. As in other fields,
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progress has been made in the development of new and better re­
corders during recent years. Perhaps no one has been more active 
in this development than Mr. J. C. Stevens, Past President of the 
American Society of Civil Engineers and partner of Leupold and 
Stevens Instruments. Mr. Stevens’ paper is on “ Hydrologie In ­
struments” .
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PHOTOGRAPHIC TECHNIQUES IN EXPERIMENTAL 
HYDRAULICS
H u g h  S t e v e n s  B e l l  
California Institute of Technology, Pasadena, Calif.
The field of fluid mechanics presents one long series of challenges 
to the ingenuity of the photographer. I t  is no easy task to photo­
graph transparent things under the most favorable circumstances. 
Air and water, the two most commonly photographed fluids, are 
transparent to the point of complete invisibility and the conditions 
encountered in hydraulic research rarely can be classed as photo­
graphically favorable even by the most rugged optimist. All too 
often experimental apparatus is designed by engineers for the use 
of other engineers who, sooner or later, realize that photographs 
might clarify certain difficult passages in a report that has been 
or must be written. Consequently texts on hydraulics are illustrat­
ed profusely with excellent line drawings.
During the past quarter century, progress in photography has 
been nothing less than spectacular. The rankest amateur can do 
today what the professional photographer only dreamed of doing 
25 years ago. Simplification has gone hand in hand with improve­
ment in lenses, light sources, emulsions, exposure meters, cameras, 
developers, darkroom equipment and technical literature. Con­
sequently old techniques give better results and have wider ap­
plication, and new ones become possible. For example, pin-hole 
photography and the 82-year-old Schlieren method both are being 
used successfully to obtain motion pictures at rates in excess of
100,000 frames per second, and the rapid improvement of gaseous 
discharge lamps has made it possible to develop a new technique 
based upon the extremely short, brilliant flashes of light these lamps 
can emit at rates of several thousand per second.
Experimental hydraulics probably makes use of a wider variety 
of photographic techniques than any other science. Wartime re­
strictions, as yet not removed, prevent the discussion of several
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that are of considerable importance. There is space to consider 
briefly a few that are of particular interest. Some of them are very 
old, others are modernized versions of techniques that demonstrated 
their value long ago, and a few may be considered of comparatively 
recent origin.
T h e  S c h l ie r e n  M e t h o d
The Schlieren method [1] adapts to photographic use the knife- 
edge technique which has long been used in testing the optical 
perfection of lenses and mirrors. Schlieren photographs are pos­
sible because the refractive index of air is sensitive to minute 
variations in pressure and temperature. A jet of air, a sound 
wave, the pressure wave at the nose of a speeding projectile and 
the turbulent wake behind it, or even the heat rising from one’s 
hand can all be recorded by this technique which actually photo­
graphs the density gradient. In its many variations the method 
requires either mirrors or lenses or combinations thereof, and all 
must be of the highest optical quality. Application is limited by 
the fact that the area photographed can be no larger than the 
mirror or lens against which the object is seen. Because of the 
great cost of optically perfect lenses of large size, mirrors are 
commonly used except in very small installations.
If  images are to be sharply defined, the light source must be 
very small. Even though the method makes highly efficient use 
of the available light, only the brightest sources are satisfactory. 
Carbon arcs, the standard of earlier times, can be replaced by the 
more convenient tungsten arcs, or by high-pressure mercury vapor 
lamps. The latter are particularly well suited for the purpose. The 
light source is about 25 mm long by 2 mm wide and has a bright­
ness of approximately 65,000 lumens. For Schlieren use it is masked 
by a plate in which a 0.001" x 0.004" aperture is cut. A high- 
pressure mercury vapor lamp may be burned normally so as to 
give a visually steady light on either AC or DC while the delicate 
adjustments demanded by the technique are being made and then, 
by simply throwing a switch, it may be operated as a high-speed 
lamp giving a brilliant flash with a duration of about 3 micro­
seconds. An object moving 2,000 fps would travel only 0.072 in. 
during the flash [2],
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Fig. 1 is an example of Schlieren photography. I t  shows an air­
foil suspended in a wind tunnel in which the mean velocity is about 
0.9 that of sound. Flow around the foil becomes super-sonic and 
shock waves, clearly shown in the picture, are produced.
F ig . 1— S c h l i e r e n  P h o t o g r a p h  o f  F l o w  A r o u n d  a n  A i r f o il  i n  t h e  T r a n ­
s o n ic  T u n n e l  a t  t h e  Ca l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y , S h o w in g  
S e p a r a t e d  B o u n d a r y  L a y e r ,  E x p a n s i o n  W a v e s , a n d  S h o c k  W a v e s .
Exposure: 1 microsecond, spark.
S h a d o w g r a ph s
The shadowgraph technique is as simple as the Schlieren is com­
plicated, requires a minimum of equipment, and can be used to 
show many of the phenomena photographed by Schlieren. Shadow­
graphs lack the delicate detail that can be obtained by the other 
method, but they are often entirely satisfactory even so.
In its simplest form the shadowgraph technique requires neither 
camera nor lens, and bromide enlarging paper can be substituted 
for film. The one indispensable piece of equipment is a “ point” 
light source of high intensity and extremely short duration. The 
spark gap can be made to meet these specifications rather nicely. 
By arranging the electrodes so that the spark is greatly fore­
shortened when viewed from the position of the object, the appar-
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ent size is effectively reduced. I t  is not particularly difficult to 
obtain durations of a microsecond. With care this can be reduced 
by a factor of ten [3j.
Unless a condenser system is used as a background against which 
the object is photographed, it is desirable to have the spark gap 
some 15 feet from the object. The film or paper is placed at a 
location that must be determined by trial for each set-up, but a 
distance of about 18 inches is often satisfactory. Contrast increases 
when the distance is increased, but a point is soon reached beyond 
which the resolution of the image falls off rapidly. I t  is necessary 
to compromise, therefore, on a position affording good contrast and 
adequate resolution.
F ig . 2— S h a d o w g r a p h , M ad e  W i t h o u t  Ca m e r a  or  L e n s , o f  S h o c k w a v e  
E n t e r in g  S t i l l  W a t e r .
Exposure: 100 microseconds, spark.
Fig. 2 is a shadowgraph made without benefit of a camera. It 
shows, from upper left to lower right, still watèr, ripples, a shock 
wave with superimposed ripples, and a highly turbulent area
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following the wave. The action took place in a glass-bottomed tank. 
A sheet of 8" x 10" film was placed parallel to and 5 inches above 
the water surface. Light from an electric spark traveled horizon­
tally for about 15 feet to a mirror which reflected it vertically so 
that it passed through a grid of string, the glass bottom of the tank, 
and then through the water before reaching the film. It would 
have been almost as effective if the film had been placed below the 
grid and the light had been reflected vertically downward through 
the water.
When large areas are to be photographed it is done easily by 
placing a translucent screen in the plane that would be occupied 
by the film if no camera were used, and then photographing the 
screen itself from the rear when the shadows fall upon it. If  motion 
pictures are to be made, the screen is an essential part of the equip­
ment. Thin, white drafting paper makes an inexpensive and en­
tirely acceptable screen, and the tungsten arc, even though it is 
rated at only 300 watts, is very satisfactory for the light source 
for motion pictures up to 64 frames per second, on moderately fast 
film used with an f/1.5 lens.
There are some valid objections to shadowgraphs. They tend to 
be purely two-dimensional, but it is sometimes possible to overcome 
this with a grid. The grid in Fig. 2, for example, makes it possible 
to determine the height of waves by a method developed by Dr. 
Hans Albert Einstein. I f  the exposures are made without using a 
camera the work must be done in a completely darkened room unless 
slow films or paper are used. Best results are obtained in rooms 
having ceilings, floors and sidewalls painted black. The possible 
applications are somewhat limited. Nevertheless the shadowgraph 
technique is a valuable one, it is extremely simple in operation, 
and its demands for equipment can be met by the most modest 
budgets.
H ig h -S p e e d  S t il l s
As used here the term “ high-speed” indicates exposures of less 
than 0.0001 second. Such exposures are far beyond the limit of 
practically all mechanical shutters, and are commonly obtained by 
the use of electric sparks or gaseous discharge lamps. Because of 
the comparatively great quantity of light they produce, lamps are
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to be preferred to sparks whenever pictures must be made by re­
flected rather than by transmitted light.
High-speed stills have contributed much to our knowledge of 
cavitation (Fig. 3), waves, and certain other fluid phenomena, but 
it is well to remember that pictures which stop motion completely 
may be less useful than those in which blurring indicates both 
direction and relative velocity. I t  is entirely possible to make 
pictures so technically perfect photographically that they are 
worthless as sources of data. This fact should be considered care­
fully before embarking upon a program of high-speed photography.
P ig . 3— H i g h -s p e e d  P h o t o g r a p h  o p  C a v it a t io n  B u b b l e s  o n  B u l l e t -s h a p e d
B ody  a n d  I t s  W a k e .
Exposure: 1.5 microseconds, gaseous discharge.
Equipment for making single-flash still pictures is commercially 
available at prices ranging from less than $200.00 to somewhat 
more than $500.00. The General Electric High-speed Photolight 
and the General Radio Microflash are in the higher price range, the 
Strobolux and Kodatron Speedlamp are medium priced, and the 
Stroblite is less expensive. There is a considerable spread in the 
duration of the flashes produced by the various types of equipment. 
The Microflash gives an exposure of 1 to 2 microseconds, the Photo­
light 2 to 3 microseconds, the Kodatron and Stroblite approximate­
ly 35 microseconds, and the Strobolux gives a choice of three spark 
intensities, the most brilliant of which lasts approximately 100 
microseconds. The Strobolux gives less light than the others but 
has the advantage that it can be used stroboscopically, as its name 
indicates. This makes it possible to produce multiple-exposure 
negatives like those showing the complete swing of a golfer, the 
wind-up of a pitcher, and other similar bits of action.
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M u l t ip l e -E x p o s u r e  S t il l s
Multiple-exposure pictures have a definite place in hydraulic 
research. They have been used with a cleverly devised grid of small 
air bubbles to show the motion of water in the vicinity of rapidly 
moving solid bodies. They give valuable information on direction,
F ig .  4 — M u l t i p l e -e x p o s u r e  H ig h - s p e e d  P h o t o g r a p h s  S h o w i n g  I m p o r t a n c e  
o f  L i g h t i n g .  B r i l l i a n t  I n i t i a l  F l a s h  w a s  F o l l o w e d  b y  S e r i e s  o f  
S e c o n d a r y  F l a s h e s  a t  I n t e r v a l s  o f  1 /8 0 0 0 - s e c o n d .  M e t h o d  S u c ­
c e s s f u l  O n l y  f o r  B r i g h t  O b j e c t s  A g a i n s t  D a r k  B a c k g r o u n d s .  
Individual exposures: 1.5 microseconds, gaseous discharges.
velocity and rate of acceleration. For many applications they are 
better than the conventional streak pictures. I t  is essential that 
such negatives show bright objects against dark backgrounds, and 
to be entirely successful the subject matter must be relatively simple
http://ir.uiowa.edu/uisie/31
in order to avoid overlapping which may produce an unintelligible 
final product.
In the photographs of Fig. 4, taken to show the relative merits 
of various lighting arrangements, the principal flash is followed 
by a series of about six minor ones. The images produced by the 
secondary flashes are lost against a background made brilliant by 
backlighting (top). A combination of top and back light (center) 
gives enough emphasis to the secondary images so that they can be 
traced along the top of the model, but not beneath it. Against dark 
portions of the model they are conspicuous, in the highlights they 
are completely lost, just as they are in areas where bubbles are so
F ig .  5— M u l t i p l e - e x p o s u r e  L o w - s p e e d  P h o t o g r a p h  o p  S a m p l i n g  T u b e  i n  
S e d i m e n t - l a d e n  W a t e r ,  E a c h  S a n d  G r a i n  A p p e a r s  a s  a  S e r i e s  o p  B r i g h t  
D a s h e s  I n d i c a t i n g  t h e  F l o w  P a t t e r n  a s  W a t e r  i s  W i t h d r a w n  a t  
S t r e a m  V e l o c i t y ,  0 .7  S t r e a m  V e l o c i t y ,  a n d  a t  Z e r o  V e l o c i t y .
Total exposure: 1/25 second; individual exposures about 1/150 second, 
high-pressure mercury-vapor.
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numerous that serious overlapping results. With light coming from 
the front and top, the bubbles stand out conspicuously against the 
dark background and ov^r the dark areas of the model (bottom). The 
secondary flashes were at the rate of approximately 8,000 per 
second, and the pictures they produced gave valuable information 
on the life history of cavitation bubbles.
A somewhat similar technique was used to obtain the pictures 
reproduced as Fig. 5. Sand grains are shown in the vicinity of 
a sampling tube through which water is being withdrawn at the 
velocity of the stream, at 0.7 stream velocity, and at zero velocity. 
The exposure was 1/25 second but each particle appears as a 
series of bright dashes because the light source, a high-pressure 
mercury-vapor lamp, supplied 120 rather long flashes per second.
H ig h -S pe e d  M o t io n  P ic t u r e s
Stop-and-go motion pictures can not be made at rates in excess 
of about 150 frames per second. For higher rates special cameras 
are used in which the film moves continuously and the image usual­
ly is moved along at the film, speed by some optical device such as 
a rotating prism or mirror, or a battery of rotating lenses. I t  is 
possible, also, to illuminate the object with flashes of light of such 
short duration that the motion of the film during an exposure is 
negligible.
As early as 1929 Japanese research workers were photographing 
sound waves on continuously moving film at 40,000 frames per 
second [4] and subsequently they were able to increase that rate 
about 2.5 times. At the N.A.C.A. Aircraft Engine Research Labora­
tory at Cleveland, Ohio, Mr. Cearcy D. Miller has been photograph­
ing what takes place in Diesel and spark-ignition engine cylinders at
40,000 frames per second since 1939. On June 5, 1946, a t French 
Lick, Indiana, Mr. Miller presented a paper before the Society of 
Automotive Engineers entitled, “ The Roles of Detonation Waves 
and Autoignition in Spark-ignition Engine Knock as Shown by 
Photographs Taken at 40,000 and 200,000 Frames per Second” . 
These pictures, taken with cameras of his own design, demonstrated 
that even a rate of 200,000 frames per second is not fast enough 
to produce really slow-motion pictures of spark-ignition knock. 
Such a rate would undoubtedly be fast enough to divulge the secrets
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of a host of phenomena encountered in other portions of the field 
of fluid mechanics.
The top speed for commercially available motion picture cameras 
is about 10,000 frames per second on 8 mm film. Since it requires 
62.5 feet of film for 1,000 standard 35 mm frames it is easy to 
see why the smaller frames must be used in all ultra-speed motion 
picture photography. If  a frame only 1/16 inch in height is used
F ig . 6 — H i g h -S p e e d  M o t io n  P i c ­
t u r e s  S h o w i n g  D e v e l o p m e n t  o f  
S m a l l  Ca v it a t io n  B u b b l e . B u b b l e  
A p p e a r s  i n  S e c o n d  F r a m e , R ig h t  
o f  C e n t e r , a n d  Ca n  b e  T ra c ed  
D ia g o n a l l y  D o w n w a r d  T o w a r d  
t h e  L e f t  i n  S u c c e e d in g  F r a m e s . 
T h e  S e v e n  P ic t u r e s  C over  a n  
I n t e r v a l  o f  1/500 S e c o n d . 
Frame rate: 3,000 per second; 
exposure: 1.5 microseconds, 
gaseous discharge.
a film speed of 104 feet per sec­
ond will be sufficient for a rate 
of 20,000 pictures per second. In 
the General Kadio high-speed 
camera, which has been on the 
market for several years, film 
will reach that speed in the first 
40 feet of a 100-foot roll. Dur­
ing an exposure of 2 microsec­
onds the film would move only 
1/400-inch, and the blurring of 
the image would not be objec­
tionable. Present methods of 
operating g a s e o u s  discharge 
lamps of photographic types do 
not permit flash rates much be- 
yong 3,500 per second. For the 
time being, therefore, constant- 
light sources and cameras in­
corporating some kind of optical 
compensator must be used for 
higher rates. I t  seems entirely 
safe to predict that very much 
higher flash rates soon will be 
possible with gaseous discharge 
lamps. This is highly desirable 
because optical compensators 
add greatly to the cost, of con­
structing high-speed cameras, 
and many kinds are difficult to 
keep in perfect adjustment.
Cameras with a battery of 
matched lenses mounted upon a
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rotating disk have been used successfully in ultra-speed photography 
on continuously moving film and with a steady light source. It 
is difficult, however, to prevent lenses from tearing themselves loose 
from their mountings or even flying apart when they are rotated 
at very high speeds. During the war years a rotating-lens camera 
was used with marked success at rates of 60,000 frames per second 
and upward, to photograph 
self-luminous subjects such 
as bursting shells and bombs.
The lenses, in this particular 
instance, were “ pin holes” 
drilled in a metal plate.
Fig. 6 is a strip of 3,000- 
frame-per-second motion pic­
tures showing the develop­
ment of cavitation bubbles.
Although that rate is not 
nearly fast enough to pro­
vide an acceptable slow-mo- 
tion picture of the phenom­
enon, it does permit meas­
urement of the rate of 
growth of the bubbles. When 
the frames are studied as a 
series of stills, they give in­
formation that is useful in 
the interpretation of indi­
vidual pictures like those in 
Fig. 7 which show a cavitat- 
ing hydrofoil. The upper, 
like the vast majority of 
photographs, was made by 
reflected light, and the lower 
by transmitted light. Each 
tells the same story in a dif­
ferent manner. Both are 
valuable.
Motion pictures taken at 
from 10,000 to 1,000,000 
frames per second offer real
F ig . 7— H i g h -S p e e d  P h o t o g r a p h s  o f  Ca v i- 
t a t in g  H y d r o f o il  b y  R e f l e c t e d  a n d  b y  
T r a n s m it t e d  L i g h t . T r a n s m it t e d  L i g h t  
O f t e n  E m p h a s i z e s  D e t a i l s  t h a t  a r e  
D if f i c u l t  t o  S h o w  b y  R e f l e c t e d  L i g h t . 
N o t ic e , B e l o w , F i n e s t  D e t a i l s  S h o w  
A g a in s t  B l a c k  A r e a s  W h i l e  L a r g er  
E l e m e n t s  S h o w  M o r e  E f f e c t iv e l y  
A g a in s t  L i g h t  B a c k g r o u n d s .
Exposure: 5 microseconds, gaseous 
discharge.
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hope for the complete, or nearly complete, solution of many of 
the most difficult problems encountered in experimental hy­
draulics—turbulence, air or sediment entrainment, cavitation, and 
waves of all kinds, to name but a few. The expenses involved 
are too great for the vast majority of research laboratories. Cameras, 
for instance, are custom-built and their cost is measured in thous­
ands of dollars, and equipment for supplying 10,000 or more 
brilliant flashes per second to high-speed lamps may be even more 
costly than the camera itself. Film and processing costs are not 
minor considerations when a 100-foot roll is consumed in less than 
a second. Then, too, there is the matter of extracting and analyzing 
the data. An ultra-speed camera can record more data in a frac­
tion of a second than can be analyzed in a hundred man-hours. The 
cost is great, but so are the rewards.
C olor  P h o t o g r a p h y
Within recent years it has been discovered that circularly polar­
ized light makes it possible to see flow patterns and turbulence in 
dilute suspensions of bentonite or of tobacco mosaic virus [5]. When 
the action takes place between crossed polaroids it may be seen 
in color, but if the polaroids are set for maximum light trans­
mission it is seen in black and white. E. A. Hauser and Davis R. 
Dewey I I  state that quantitative measurements may be made from 
photographs of flow patterns in bentonite suspensions [6], Since 
the patterns, when they are viewed in color, are predominantly red 
and blue, they lend themselves nicely to color photography. Actual­
ly for phenomena occurring in still water—the wake left by a 
moving fish (Fig. 8a), the zigzag course of a rising bubble, or the 
pattern of a jet (Fig. 8b), for example—still pictures in either 
black and white or in color may be quite satisfactory. When the 
entire body of fluid is turbulent, however, stills frequently arc in­
adequate and motion pictures in color and at 64 frames per second 
seem almost mandatory.
Color demands crossed polaroids, and since crossed polaroids hold 
back all but a small fraction of the light reaching them it becomes 
rather difficult to obtain an illumination level high enough to make 
pictures with adequate depth of field at 64 frames per second. For­
tunately the area to be illuminated is limited to the size of the 
polaroids themselves. Three No. 2 reflected photofloods, if mounted
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as closely as possible together and burned at about 130 volts, give 
enough light when they are placed about 5 inches from the polarizer 
so that Kodachrome film can be used at f/4.5 and 64 frames per
F ig . 8— T u r b u l e n c e  a n d  F l o w  P a t t e r n s  i n  D i l u t e  S u s p e n s i o n s  o f  B e n t o n i t e  
or o f  T obacco  M o s a ic  V ir u s  a r e  M a d e  V i s i b l e  b y  P o l a r iz e d  L i g h t .
( a )  W a k e  L e f t  b y  G o l d f is h  i n  T o ba cco  V i r u s , (b) a  S u b m e r g e d  
J e t  A d v a n c e s  i n t o  S t il l  S u s p e n s i o n  o f  B e n t o n i t e .
Exposure: 1/200 second, photoflood.
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second. Color rendition, though not perfect, is acceptable even 
though the temperature of the light has been increased considerably 
by stepping up the voltage. A thin sheet of white drafting paper, 
placed between the polarizer and the light source, diffuses the light 
and gives the polarizing screen a little protection from the intense 
heat. Additional cooling should be provided by directing a strong 
current of air across the polarizing screen.
P ig . 9— F l o a t in g  Co n f e t t i  S h o w s  F l o w  P a t t e r n  a n d  R e l a t iv e  V e l o c it ie s  
N e a r  S p i l l w a y  Cr e s t .
Exposure: 1 second with crossed pola-screens, brilliant sunlight.
At the Cooperative Laboratory of the Soil Conservation Service 
at California Institute of Technology color photography has been 
found to be very useful when experimental work has been done with 
strongly dyed solutions. In studying the mixing that takes place 
between density currents, much qualitative information was ob­
tained by running red currents through a reservoir filled with blue 
water. Mixing produced areas of purple and the action causing 
the mixing could be observed with equal ease on both sides of the 
interface. The experiments were recorded in 16-mm Kodachrome
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motion pictures. The chief difficulty was in obtaining enough light. 
The recently developed spotlight type of photoflood should do much 
to eliminate this difficulty. This is encouraging since the dye tech­
nique offers many possibilities for obtaining both qualitative and 
even somewhat more exact data at moderate cost.
N o k m al-S p e e d  P h o t o g r a p h y
Many of the most valuable techniques depend upon exposures 
that are long enough to show movement, rather than short enough 
to eliminate it. Streak patterns made by brilliantly lighted par­
ticles probably have furnished more valuable data on fluid flow 
than anything else that has been recorded photographically. They 
have been used to show everything from microturbulence [7] to the 
velocity of approach near a spillway crest, as in Fig. 9. I f  entrained 
air bubbles are present they may be all that is required to provide 
data on flow patterns and local velocities. Fig. 10 gives an ex-
F ig . 1 0 ^ - E n t r a in e d  A i r  B u b b l e s  S h o w  F l o w  P a t t e r n s  a n d  R e l a t iv e  
V e l o c it ie s  i n  M o d e l  D r o p -s t r u c t u r e .
Exposure: 1/75 second, daylight accented by photofloods.
http://ir.uiowa.edu/uisie/31
cellent record of flow patterns and relative velocities whether or 
not one knows the exposure or the grid dimensions. I t  is important 
to remember that shutter ratings are often unreliable and that 
actual exposure times may fluctuate widely for any particular set­
ting on many instruments. If  measurements are to be made it is
F ig . 11— G l o b u l e s  o f  Ca r b o n t e t r a c h l o r id e -b e n z e n e  M i x t u r e  a r e  U s e f u l  i n  
S u b -s u r f a c e  I n v e s t i g a t i o n s . A b o v e : D i f f u s i o n  o f  a  J e t  b y  T u r b u l e n c e .
Exposure: 1/250 second, projection lamp.
B e l o w : F l o w  L i n e s  N e a r  a  S u b m e r g e d  B o d y .
Exposure: four 1/10 second exposures, tungsten arc.
highly desirable to incorporate in each picture some device, such 
as a rotating disk on which a white dot or line appears on a black 
background, moving at a known velocity, so that the actual time 
of the exposure can be calculated from the angle of rotation. Un­
less this is done it is unwise to take streak measurements too 
seriously.
There are many conditions when air bubbles are not present, 
or not acceptable for purposes of measurement if  they are. Alumi­
num or magnesium flakes, or even confetti, are excellent for use 
on the surface of a flow, and immiscible globules having a density 
of unity are quite satisfactory for subsurface use provided the scale
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of the phenomenon being investigated is not of minute proportions. 
Globules of nitrobenzene and olive oil have been highly recommend­
ed because light emerges from them 90° from the point of en­
trance [8], A mixture of carbontetrachloride and benzene has the 
advantage of being highly volatile and therefore not messy. I t 
gives satisfactory results when the light is behind the apparatus 
or low enough to permit the use of a dark background, as in Pig.
11. The dots were photographed in 1/250-second. The streak pic­
ture represents four 1/10-second exposures on a single negative. 
A black background makes it possible to project the negatives life- 
size directly upon a scale from which readings may be made with­
out benefit of other measuring devices. In photographing globules 
a small, brilliant light-source is desirable because it is the image of 
the source which is recorded as a highlight on the globule. A 500- 
watt projection lamp was used for the upper picture, and a tung­
sten arc for the lower.
G rids a n d  O t h e r  A ids
Grids of string are used quite generally without too much satis­
faction. They break easily, sag when humidity rises, and need 
considerable maintenance. A grid of aluminum wire overcomes
P ig . 12— A S u p e r im p o s e d  G r id  F a c i l it a t e s  t h e  T a k i n g  or D a t a  p r o m  
P h o t o g r a p i-i s . T h i s  O n e  w a s  P h o t o g r a p h e d  o n  t h e  C e n t e r l in e  B e f o r e  
t h e  M o d e l  w a s  I n s t a l l e d  a n d , T h e r e f o r e , D a t a  M a y  b e  B e a d  f r o m  
I t s  S c a l e s  W i t h o u t  U s u a l  Co r r e c t io n  f o r  O p t i c a l  D i s t o r t i o n .
these objections effectively but may reflect light so well that the 
images become objectionably wide due to halation. Swabbing the 
wire with a solution of sodium hydroxide kills the glare and pro­
vides a permanently satisfactory surface.
Parallax always must be reckoned with when exterior grids are
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used, and it is ordinarily impossible to use grids within the flow 
itself. Sometimes this difficulty can be overcome by a very simple 
technique. In the case of flow in a transparent pipe, for example, 
it may be possible to photograph a black on white grid at the center 
when the pipe is full of still water. If  the camera position is fixed 
it then becomes possible to combine a positive transparency of the 
grid with all subsequent negatives taken at that station and print 
the pair by projection. The effect is that of having a grid at the 
center of the pipe during the flow, and measurements at the center- 
line may be read directly with corrections already made for parallax 
and all optical distortions due to the pipe itself. The technique is 
illustrated in Fig. 12. The method has much to recommend it, 
especially when a long series of pictures is to be made from one 
location.
Showing topography with string contours may be done so easily
F ig .  13— S t r i n g  C o n t o u r s  S h o w  R e l i e f  o f  S t r e a m b e d  B e l o w  M o d e l  S p i l l ­
w a y .  N o t i c e  t h a t  E l e v a t i o n s  a r e  G iv e n ,  a n d  t h a t  P e r t i n e n t  E x p e r i ­
m e n t a l  D a t a  R e c o r d e d  a t  t h e  R i g h t  M a k e  R e f e r e n c e  t o  N o t e s  O r d i ­
n a r i l y  U n n e c e s s a r y .
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that one wonders why so little use is made of this device in 
America. Scour holes, for example, are difficult to photograph under 
ideal lighting conditions, and are nearly impossible under others. 
String contours make it easy under any conditions. The various 
contours are determined by holding the water level at the desired 
elevations and putting the string along the water lines. A picture 
like Fig. 13 requires surprisingly little time to set up, including 
the elevation figures, and it tells a complete story well, not just 
part of it poorly.
BAFFLE
DOWNSTREAM CHANNEL
STILLING POOL
F ig . 14— A  G r id , A ir  B u b b l e s , a  M a n o m e t e r  T u b e , A d h e s iv e  T a p e  O u t l i n e s , 
S ig n s  a n d  E x p e r im e n t a l  D a t a  Co m b in e  r o  M a k e  T h i s  P h o t o g r a p h  V a l u ­
a b l e  a s  B a t a  a n d  a s  a n  I l l u s t r a t io n .
Exposure: 1/50 second, high-pressure mercury-vapor.
Fig. 14 shows a small model of an energy-dissipation structure. 
The side of the structure is outlined with white tape stuck to the 
glass, the front and top of the baffle box are also indicated with 
bits of tape, stripes 0.1-foot wide are painted across the back of 
the structure, there is an external wire grid, at the right a mano-
http://ir.uiowa.edu/uisie/31
meter shows the back-pressure, pertinent data on the experiment 
are included above the date. A lot of guess work has been eliminat­
ed, and the effort expended was not great.
Not much has been said in this paper about making measure­
ments by photography. The truth is that, though many types of 
measurements can .be made by using photographic techniques, the 
same information often can be obtained more easily and less ex­
pensively by other means. If  a camera is the best or the only tool 
for the job, proper precautions must be taken because just any 
photographically good picture is probably not going to be good 
enough if data are to be taken from it.
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THE APPLICATION OF ELECTRONICS TO HYDRAULIC
RESEARCH
S. W . Gr in n e l l  
Stanford University, Palo Alto, California
The term “ electronics” was coined as a means of referring to 
the construction and utilization of electrical devices which involve 
the passage of electrons through space, as distinguished from or­
dinary metallic conduction. Perhaps the most familiar example 
of a simple electronic device is the radio amplifying tube, which 
is capable of controlling currents up to a few hundredths of an 
ampere at voltages up to a few hundred volts in response to the 
extremely minute currents and voltages which are impressed on 
the grid of the tube.
By means of the thyratron, a representative of another class 
of electronic devices, large amounts of electric power, taken from 
the usual 60-cycle alternating-current mains, may be governed by 
a relatively small power input in such a manner as to enable smooth 
and efficient control in the operation of electrical equipment. X- 
Ray tubes, fluorescent lighting, the strobotron or high-speed flash 
light for photography, and the cathode-ray oscilloscope are but a 
few of a host of other electronic devices to which new additions are 
being made continuously. These have been utilized in an ever 
increasing number of applications, and during the recent war the 
allies were finally able to reach an overwhelming degree of superi­
ority in their electronic equipment over that of their opponents.
As a rule, the designation “ electronic equipment” or “ electronic 
components”  includes all the electrical parts, such as resistors, 
capacitances, inductances, transformers, batteries, etc., in addition 
to the purely electronic devices, which are combined to perform 
the desired service. The present cheapness and availability of 
these components is largely due to the support of research and 
development afforded by the public demand for long-distance tele­
phone service and for broadcast entertainment.
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With the removal of war-time secrecy restrictions, information 
on recent war-time developments in electronics, successfully ap­
plied in research and production as well as in the war zones, is 
continuously appearing in the technical journals and in the scienti­
fic reports of the many research organizations which worked at an 
accelerated pace during the war.
In the field of hydraulics, as in other lines of research, there is 
always a need for new instruments and equipment, and because 
of the similarity between the concepts of fluid flow and those of 
electricity it is not difficult for the hydraulic engineer to evaluate 
for himself the capabilities and limitations of a particular applica­
tion of electronic equipment to the research in which he is in­
terested. If he takes an active part in formulating the design and 
specifications of a new piece of equipment, even though leaving 
the circuit details to the electronicist or to the manufacturer, this 
interest will tend to result in a more profitable utilization of the 
almost unlimited electronic resources which are available today.
There is now, for example, a growing tendency to operate such 
power devices as wind-tunnel fans, towing-tank equipment, dyna­
mometers, etc., directly from the 60-cycle alternating-current 
power lines, with relatively compact and highly responsive elec­
tronic equipment giving better control than the rheostats and direct- 
current motor-generator sets formerly considered necessary for 
this purpose. Similarly, where extremely steady currents and 
voltages are required, storage batteries can now be replaced with 
electronic power-supplies capable of maintaining currents and 
voltages to within a few hundredths or even thousandths of a per­
cent of the desired value.
In regard to instrumentation, although there are many relatively 
simple and time-tested devices, both electrical and mechanical, for 
which the substitution of a new instrument would require con­
siderable justification, many cases will come to mind where there 
is an excellent opportunity for the introduction of electronic 
methods. This may either increase the efficiency with which data 
already obtainable by other means may be collected and analyzed, 
or it may lead to the quantitative observation of phenomena be­
yond the practical range of the existing instruments.
The criteria for the successful performance of field instruments, 
such as would be used in extended hydrologic and meteorologic
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studies, may be entirely different from those for the performance 
of laboratory instruments. The former must operate dependably 
without skilled attention over long periods of time. They are sub­
ject to conditions which are not completely under the control of 
the operator, and their operation usually results in the accumula­
tion and necessity for subsequent treatment of far more voluminous 
data than those obtained in normal laboratory procedure. Con­
sequently effort which results in even minor improvements in field 
instruments will often be amply justified by cumulative savings 
in man-power or by more complete records, while the same degree 
of improvement in a laboratory instrument would only result in 
the saving of a few minutes of the operator’s time or in preventing 
the loss of a few measurements which could easily be repeated.
The advantages peculiar to electrical, and hence to electronic, 
methods of measurement lie in the ease with which various physical 
quantities may be transformed into electric currents and voltages. 
These may then be amplified to operate the standard highly- 
developed electrical indicating and recording equipment. With the 
proper selection of instruments, the speed of response can be made 
extremely fast, and yet the power abstracted from the system under­
going measurement may be made extremely small. Moreover, there 
are a number of mathematical operations which can be performed 
by automatic electric means on these varying currents and voltages, 
thus allowing the measurements to be expressed in a final form 
that would otherwise require a virtually impossible amount of 
computation.
Against the above advantages of new or improved electronic 
equipment must be placed the time and expense required to develop 
it. At best the actual construction of the various electronic circuits 
is so complex that even when they are described in the literature 
they require considerable intelligent effort for their successful 
application. After a single unit has been constructed, however, the 
production of subsequent units becomes a simple matter. The com­
plete interchange of information between various research or­
ganizations which have common instrumentation problems would 
result in considerably reduced duplication of effort and in improved 
instruments. It is not usually possible to conduct this exchange 
of information in a satisfactory manner via the literature, at least 
not without a large amount of experience in a particular field.
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The various electronic techniques which are available to studies 
in hydraulics are distributed widely throughout journals dealing 
with such varied subjects as radio, biology, chemistry, electrical 
engineering, geophysics, etc. Furthermore it is frequently found 
that the title of the article bears little or no relationship to the 
particular phase of electronic instrumentation which is desired. 
Therefore, there is every advantage in maintaining a broad general 
interest in a variety of different fields, and in regarding a new 
instrument in an analytical manner by breaking it down into its 
various functional units. An understanding of these functional 
units and of their optimum design may then lead to their reassembly 
in an entirely different instrument which will play an indispensable 
part in an entirely different research project.
At first sight, the complete circuit diagram for even so familiar 
a device as a broadcast radio receiving set presents a bewildering 
array of resistors, capacitors, transformers, vacuum tubes, and 
perhaps other electronic components all interconnected by a maze 
of lines which represent the electrical wiring. On analyzing this 
circuit diagram, however, it can be seen to resolve itself into a 
group of functional units, such as radio-frequency amplifiers, an 
oscillator, a mixer, a detector, an audio-frequency amplifier, and 
a power-supply, each of which has a definite purpose and is con­
structed from the various electronic components just mentioned. 
By first understanding each of these functional units separately 
and synthesizing their actions, the circuit diagram then becomes 
clear. Circuits for other devices, not at all related to radio broad­
cast receiving, may employ similar units, but grouped with others 
in a different way.
New methods of doing things electronically are usually devised 
by considering first the various steps which must be performed and 
then assembling a set of functional units which fulfill as wrell as 
possible the requirements laid down for the new piece of equip­
ment. The first step in this process is to have an appreciation of 
what the different functional units can do and which ones will 
most suitably conform to the problem at hand. After these are 
chosen, the success or failure of the new method will depend to 
a large extent on the skill and judgment with which the basic com­
ponents are selected and the way in which they are put together.
Since, as has been mentioned before, there are very attractive
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possibilities in Ihe further application of electronic principles to 
measuring instruments, the remainder of this discussion will be 
oriented chiefly in that direction. Most applications of electronics 
are inseparably connected with mechanical and other physical 
principles, and it is best for all these principles to be considered 
together at the same time. Therefore any survey of the possibilities 
of electronic techniques will necessarily also cover electrical tech­
niques in general and some partly mechanical techniques.
There are three distinctive methods by which many measure­
ments such as electrical measurements are made. The simplest is 
the deflection method, where the quantity undergoing measurement 
produces a force which moves a mechanism to which an indicator 
is attached and as the indicator is displaced an opposing force is 
developed in accordance with the position of the indicator. This 
final position, when the two forces are equal, shows on a graduated 
scale the magnitude of the initial quantity. Common instruments 
indicating by the deflection method are: Bourdon gages, simple 
liquid manometers, and ordinary direct-current voltmeters and 
ammeters. In the latter case the initial force is produced on the 
moving coil by the interaction between the current in the coil with 
an external magnetic field; the opposing force is supplied by the 
deflection of flat spiral springs.
The second method is usually called the null method or “ set­
back”  method. If  the quantity actually measured is a force, pres­
sure, or voltage, this quantity may be compared with a calibrated 
source of variable force, pressure or voltage by adjusting the latter 
until some sort of indicator (fixnctioning by the deflection method) 
shows equality between the two opposing intensive quantities, that 
is, until a null indication is obtained. The calibrated source of the 
variable force, pressure, voltage, or other quantity can be adjusted 
to a far higher degree of precision than can ordinarily be main­
tained in a deflection type of instrument. The null indicator itself, 
which need detect only the equality between the opposing quantities 
or else the direction of the unbalance, need be designed primarily 
for sensitivity and simplicity and not for accuracy.
The null method is used in many types of instrument where 
extreme accuracy is required. I t  is slower than the deflection 
method and requires more attention on the part of the operator, 
since several successive readjustments are ordinarily required be­
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fore a null balance is achieved. For the same reason it is best 
suited for the measurement of only reasonably steady values, where 
it has the great advantage over the deflection method in that at 
the balance point the measuring system is drawing negligible power 
from the system undergoing measurement, and in that it is usually 
a simple matter for the true position of this balance point to be 
known to a sufficiently high degree of precision. Good examples 
of the method are seen in analytical balances, the potentiometer 
method of measuring voltages, the torsion dynamometer, the Paulin- 
system aneroid barometer, and the differential manometer when 
it is balanced by varying the leveling of the instrument with a 
micrometer screw.
The third and last method of measurement is really a modification 
of the null method described above, but here the adjustment of 
the opposing force, pressure, voltage, or other quantity is made 
automatically in response, to a signal from the null-indicator, and 
in such a direction as to make it more nearly equal to the quantity 
which is being measured. Systems of this type are sometimes called 
“ follower systems” , since the magnitude of the opposing quantity 
is made to follow that of the quantity being measured. As before, 
the null-indicator absorbs only an extremely small amount of 
power from the system undergoing measurement, or being “ fol­
lowed” , but there is no limit to the amount of power that can be 
controlled by the position of the null-indicator. This power can 
be applied not only to the adjustment of the calibrated source of 
the opposing quantity, but also to moving other systems which are 
mechanically coupled to it.
When the motion of the mechanically coupled system assumes 
major importance, the follower system is usually called a “ servo- 
system” or “ torque-amplifier. ” The quantity being followed in 
this case may be, for example, the resistance of a delicate rheostat 
whose setting is determined by the position of the axis of a gyro­
compass relative to its mounting. This resistance may be ‘ ‘ followed ’ ’ 
by that of another rheostat mechanically coupled to the steering 
mechanism of an airplane. The flight-path of the airplane will 
then follow the position of gyrocompass, and if the plane deviates 
from the direction set on the gyrocompass, the steering mechanism 
will respond automatically in such a direction as to correct the 
course.
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Servo-mechanisms, and in fact all follower systems, must be care­
fully designed or else instead of accurately following the device 
producing the controlling signal, the output response will continu­
ously oscillate about its proper value. Methods of avoiding this 
and at the same time obtaining a rapid response to any change in 
the controlling signal are now in a high state of development, as 
far as their application to many commercially or mass produced 
appliances is concerned. Their application to specific problems in 
pure research offers attractive possibilities, and numerous devices 
in this category have already been described in the literature.
Commercial and war-time applications include the following: 
automatic pilot systems for aircraft; radar-controlled anti-aircraft 
systems; control of gun fire on warships; automatically guided 
rockets and torpedos; automatic plotting of the course of a jeep 
in response to the azimuth indications of a magnetic compass and 
distance indications from the speedometer; speed governors of 
many types; a variety of electrical recording instruments; draft 
and fuel controls in furnaces; industrial temperature control; con­
touring machines such as those which accurately mill the form of 
large ship propellors in accordance with the motion of a pointer 
which traces over the contours of a small wooden model.
Essentially the same principle is used in the design of purely 
electrical amplifiers in which the output current or voltage is con­
trolled with a high degree of accuracy by the input voltage. These 
are known as “ negative-feed-back amplifiers” .
Although extremely successful hydraulic and non-electronic 
follower systems have been worked out, electron tubes play an 
important part in the majority of applications of follower systems 
for purposes of measurement. Since the functional units of this 
class of follower systems are similar to those used with the de­
flection and null methods, the same scheme of classification will 
apply for all. As mentioned before, some such scheme can be very 
helpful both in dealing with unfamiliar instruments and in the 
selection of the principles on which to design new ones.
A logical approach to the useful classification of the different 
functional units is the resolution of the equipment into the follow­
ing subdivisions:
(1) Responsive elements, which transform the variations of the
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physical quantity under measurement into variations of one of the 
electrical quantities.
(2) Intermediate elements. These may provide amplification of 
the electrical signals from the responsive element, or they may 
transform the electrical data received by them into forms more 
suitable for the final expression of the measurements.
(3) Indicating elements. These may be one of the many varieties 
of instruments, readily available as completed units, for indicating 
or recording such electrical quantities as current, voltage, resist­
ance, frequency, total number of electrical pulses, etc., or they 
may be cathode-ray tubes or more specialized instruments.
The instruments comprising the three types of element given 
above may in themselves frequently be broken down into still 
simpler elements, and finally into their basic electronic and me­
chanical components.
For example, a self-balancing potentiometer, used as a recording 
element, is in itself a complete follower system and it can be divid­
ed into the following parts: The null indicator, which is sensitive 
to the difference between the impressed emf and the opposing emf; 
the variable source of the opposing emf, which may consist of a 
wire-wound resistor provided with a sliding contact so that, with 
a constant current flowing through the resistor, the position of 
the contact determines the voltage which is opposed to that being 
measured; a pen which is mechanically coupled to the resistor 
contact so that its position is continuously recorded on the moving 
chart; a reversible motor to drive the variable resistor contact in 
response to the signal from the null indicator; a damping mechan­
ism so that the motor will not coast beyond the point where the null 
indicator shows that the emf to be measured and the opposing emf 
are equal. The null indicator consists, in a number of commercial 
instruments, of an electronic amplifier whose output current passes 
through the field coils of the driving motor to produce the proper 
sense of rotation of the armature. Because the amplifier can rapid­
ly control a relatively large amount of power the pen system will 
follow completely any change in the impressed emf within one 
second.
In order to give an example of the application of the particular 
classification scheme mentioned above, Tables I  and II, dealing with 
two types of responsive elements, those to position or motion, and
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those to temperature, and Tables I I I  and IY, dealing with inter­
mediate elements and with indicating elements have been pre­
pared. These are by no means complete, and although a few 
references are given to illustrate some interesting applications, 
limitations in space prevent even an initial discussion of the many 
ways in which these elements have already been applied in making 
fundamental contributions to hydraulic research. Nielson [1] has 
given an excellent summary of the capabilities of different elec­
trical instruments according to this scheme.
In the application of the above tables to various measurement 
problems in hydraulics, the quantity under measurement can often 
be transformed mechanically into such form that it will act on 
one of the responsive elements listed. Three types of measurement 
frequently desired are those of pressure, of fluid velocity, and of 
fluid height.
Variation in pressure may be transformed into variation in 
position by means of the fluid manometer, by means of a flexible 
diaphram, or by means of a flexible bellows. If a relatively large 
volume change can be tolerated, together with a response time of 
a second or longer, a number of the position elements listed in 
Table I may be employed, and the simplest is probably the mechan­
ical coupling to the bellows of a variable resistor with sliding con­
tact. Large pressure variations in a pipe could be measured by 
attaching a resistance-wire strain gage directly to the outside of 
the pipe. Pressures of a few inches of water can be measured by 
using a follower system where the null indicator is the liquid 
level inside a water manometer together with an electrolytic con­
tact or action on a pair of photoelectric cells. These would control 
a source of variable air pressure to balance out that being measured. 
In  the measurement of rapid fluctuations in wind-velocity a 
diaphram-type pressure plate has been employed together with a 
balanced inductance-coil strain gage to respond to very small 
motions of the diaphram.
Other methods of measuring fluid velocity consist of a rotating 
vane or cup system together with a position element to translate 
the number of rotations per minute into a frequency. The inter­
mediate element can then be a frequency meter, and the indicating 
element a recording milliammeter. When using an extremely light 
cup or vane system in air at low velocity, the position element must
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extract no power at all from the rotating system. This requirement 
has been nearly met by the use of magnetic contacts, and has been 
completely met at the expense of somewhat more complicated 
auxiliary equipment by the use of a photocell with amplifier.
Another method of the measurement of fluid velocities consists 
of the hot wire anemometer, where a resistance-type temperature 
element, heated by an electric current responds to changes in the 
heat-transfer properties between the fixed wire and the moving 
fluid. The use of this method in the measurement of turbulence 
in wind-tunnels is now well known. Uniform time-response charac­
teristics are obtained by the use of a capacitative or inductive com­
pensator as an intermediate element. The application of the hot 
wire to measurement of turbulence in liquids has so far been less 
successful, but several methods, including a variant of the follower 
system, show promise.
The velocities of conducting liquids [15] have also been measured 
by using the principle of the moving conductor in a magnetic field. 
The voltage generated by this responsive element, of which the 
liquid itself is a part, is proportional to the velocity component of 
the liquid.
Unlimited extensions of the above discussion can easily be im­
agined. Literally hundreds of entirely feasible combinations of 
the elements and methods described can in some cases be synthe­
sized as the answer to a given general instrumentation problem. 
The large number of degrees of freedom which are thus allowed 
makes it possible to conform to a large number of specifications 
in the selection of the design. The rapidity of response, the inter­
action of the initial responsive element with its physical environ­
ment, the sensitivity and accuracy requirements, the availability 
of the component parts, the experience which the designer has had 
with a particular type of equipment, whether the equipment is in­
tended for field or laboratory use, and the type of power-supply 
on which the equipment is operated will all contribute to the final 
decision on its design.
By summarizing the properties of the different elements, fijnction- 
al units, and components in systematic form, their present applica­
tion to the various phases of hydraulic research becomes easier to 
follow and future possibilities become easier to evaluate. Accord­
ingly the attempt has been made in this paper to outline a process
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of thinking which leads, as far as electronics is concerned, to an 
efficient utilization of some of the instrumental resources which 
are available today.
R e s p o n s i v e  E l e m e n t s
Contacts: 
spring 
magnetic 
mercury switch 
with relay 
with vacuum tube 
with gas-filled tubes 
electrolytic [2] [3]
Resistor with sliding contact 
Interrupted light-beam 
with photocell 
De-tunable oscillator [4] 
Capacitance changes
TABLE I
—  P o s i t i o n , M o t io n ,  o r  D i s t a n c e  
Balanced inductance coils 
[2] [5]
Resistance wire 
(strain  gage)
Piezo-electric effect 
(strain  gage)
Magneto-striction effect 
Moving conductor in magnetic field 
Change in mechanical or electro­
magnetic. characteristics of medium, 
(as in Radar and depth-recorders) 
Change in heat-transfer
(as in hot-wire anemometer)
TABLE I I
R e s p o n s i v e  E l e m e n t s
Thermocouples [6]
Resistance wire [6]
Carbon-type resistors 
Liquids [7]
(as resistance elements)
T e m p e r a t u r e  
Mercury column 
Bi-metallic strips 
Sputtered metal films 
(as resistance elements)
TABLE I I I
I n t e r m e d ia t e  E l e m e n t s
Bridge circuits 
Frequency meters [8] 
Photoelectric galvanometer 
amplifier [9]
Direct-current amplifier 
(stabilized) [10] 
A lternating-current amplifier 
AC amplifier with chopper for 
DC response [11]
Electronic pulse-counter
(as developed in radio-activity 
studies)
Capacitative or inductive compensator 
(as used in the hot-wire anemometer) 
Differentiating and integrating 
circuits [12]
Hot-wire with thermocouple 
Dynamometer AC current-meter 
Photocell with light-modulator 
(filament or gaseous)
Intermediate recorders
(as magnetic wire-recorders) [13] 
Phase-shift meter (used in remote- 
indicating radio transmission)
http://ir.uiowa.edu/uisie/31
TABLE IV
I n d ic a t in g  E l e m e n t s
Visual :
Moving-coil milliammeter 
Cathode-ray oscilloscope 
Counter
Photographic:
Magnetic oscillograph 
All visual elements 
Variable density recording
Permanent Immediate Record: 
Spark-writing 
Soot-writing
Pressure-printing (in term ittan t) 
Pencils and self-contained pens
Conduction-writing paper with 
electrical stylus [14]
Mechanical self-balancing 
potentiometers
Electronic self-balancing 
potentiometerswith ink supply 
Moving-coil with siphon Moving-coil with mirror and 
photocell follower witli pe.nink-supply to pen
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HYDROLOGIC INSTRUMENTS 
J. C. S t e v e n s  
Leupold and Stevens Instruments, Portland, Oregon
P r e c ip it a t io n  R ec ord ers
Instruments in this category are 
not new but there have been some 
recent developments that may be 
of interest. In  portions of the 
Hawaiian Islands precipitation 
may reach 900 inches per year. 
The problem was to design a re­
corder that would register with a 
reasonable degree of accuracy this 
total precipitation.
F i g . 1— S t e v e n s  R a in  R eco rd er  
w i t h  E m p t y i n g  S y p h o n
The purpose of this paper is to present to the Conference the 
new instruments that have been developed in recent years for use 
in hydrologic investigations. The writer tried to obtain some in­
formation regarding new instruments from W. & L. E. Gurley 
and from the Instrument Corporation of Baltimore, Maryland 
(formerly Julien P. Friez & Sons, 
a subsidiary of the Bendix Cor­
poration), but received nothing 
new from either inquiry. The 
standard Friez, Gurley, and Stev­
ens instruments are so well known 
that it hardly seems necessary to 
take the time of this Conference 
describing them. New hydrologic 
instruments manufactured by Leu­
pold and Stevens Instruments,
Portland, Oregon, are briefly de­
scribed and illustrated herein.
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The problem was solved by developing a syphon that will empty 
the collecting tank each time it becomes full. Such a syphon has 
been under consideration for a number of years, but it is only with­
in recent times that a satisfactory one has been developed. Fig. 1
shows the rain recorder. There is a syphon attached to the tank 
which discharges the water through the base of the recorder onto 
the ground.
The difficulty in making such a syphon operative has been that 
the very low rate of precipitation, which may be merely one drop 
at a time, is not sufficient to prime the syphon. Therefore, the me­
chanical primer which is illustrated in Fig. 2 was developed. A 
float is attached to a sleeve which slides up and down on a rod. 
The bottom of the sleeve ends in a piston that fits loosely into a
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short cylinder attached to the bottom of the tank. From this cylin­
der the syphon takes off. Inside the float is another syphon. When 
the tank is filled to a certain level a stop prevents the float from 
rising farther. Finally the water overflows the rim of the float 
which, when filled, slides rapidly down the rod. The piston enter­
ing the cylinder at the bottom of the tank forces a slug of water 
through the syphon, clearing it of air and starting its syphonic 
action. As soon as the water in the tank is emptied the small syphon 
empties the float and thus all is ready for the next cycle of filling 
and emptying.
Fig. 3 shows a chart on which there were 14 fillings and empty­
ings of the bucket. It took 47 hours to fill the tank the first time
and 96 hours for the last filling. The chart made 1 revolution in 
4 days but was left on for 17 days without confusion in the record. 
The syphon never fails to operate.
By using a tank with a capacity of only 12 inches a total pre­
cipitation capacity of almost any quantity can be registered. The 
chart shows 157 inches recorded.
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R adio  R ec o rd in g
F ig . 4— S t e v e n s  T e l e m a r k -T i m e  S w i t c h
The first radio water 
level recorder was made 
about five years ago, and 
so far as we know it is 
still in service. A number 
of others have been added 
throughout the country.
All of these early ones are 
operating on about 2650 
kilocycles. The maximum 
range in service is 70 miles 
with a 25-watt transmitter.
The instruments includ­
ed in a radio set consist 
of 4 elements: (1) Tele­
mark-Time Switch which 
acts as a coding device 
and also determines the 
time of broadcasting; (2) 
th e  R ad io  Transmitter 
which transmits the sig­
nals through an antenna 
near the station; (3) a 
Radio Receiver which re­
ceives the signals through a similar antenna and transmits them 
to (4) a Recorder (Figs. 4-7). The Recorder contains a syn­
chronous motor which turns on the current to heat the tubes of 
the Receiver a few minutes in advance of the anticipated time 
of broadcasting. Devices have recently been perfected whereby it 
is possible to have the weight-driven clock at the Transmitter 
synchronized after each broadcast with the synchronous motor at 
the Receiving station.
The record is made on a strip chart, a length of about 6 inches 
being required to record one set of signals. The first part of the 
signal consists of the identifying number of the station; then fol­
lows a set of jogs which indicate the magnitude of the water levels 
or accumulated precipitation. These are very readily interpreted. 
A long jog corresponds to 0; all the rest of them are counted. One
F ig . 5— S t e v e n s  R adio  T r a n s m it t e r
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short jog for one, two for two, 
three for three, etc., up to nine.
Between each figure signal a 
space is allowed so that there 
can be no confusion. The only 
thing which must be predeter­
mined is the location of the 
decimal point.
Water level recorders have 
been arranged so that below a 
certain stage which is not critical the broadcast will be made daily 
and above that stage it will be made every hour. This of course 
means that the Radio Receiver must be turned on every hour re­
gardless unless it is manually shut off during the summer season 
when there is no possible chance of the river reaching that stage.
F ig . 6— S t e v e n s  R adio  R e c e iv e r
R adio P r e c ip it a t io n  R ecorders
Radio registration has been developed recently for precipitation 
recorders. The Type WR (Pig. 8) is a seasonal recorder that can 
be put in isolated key stations and will run for an entire year with
F ig . 7— S t e v e n s  R a dio  R e co r d e r
one setting, if necessary. I t  has a capacity of 100 inches of liquid 
precipitation. Of course there may be some doubt as to whether 
radio equipment can be made to function properly without atten­
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tion for an entire year. However 
these stations broadcast at least 
daily and if any broadcasts fail to 
materialize, some one can be sent, 
even on snowshoes if necessary, to 
put the station in operation.
It  is important in snow countries 
to have the collector always above 
snow drifts. A combined housing 
and tower has been devised which 
consists of circular sections that may 
be joined together for any needed 
height.
Another type of radio recorder, 
not so elaborate, is designated as 
Type QR. It has a weight-driven 
clock and will operate for two or 
three months with one setting. The 
chart may make one revolution in
8, 16, 32, or 64 days. If  the instru­
ment is located in a country where 
only liquid precipitation will occur 
the syphon previously described can 
be provided to obtain practically un­
limited capacity. Where snow is 
likely to occur the capacity may be 
24, 48, or 60 inches at varying 
scales.
Leupold-Stevens Instruments is now experimenting with fre­
quencies in the vicinity of 170 megacycles. I t  requires much 
smaller antennas and is free from static. The only restriction is 
that the transmitting and receiving instruments must be on a line 
of sight, i.e., there must be no intervening land masses to interrupt 
the radio waves. A testing station about 35 miles from the plant 
is being used to test these precipitation recorders. The experiments 
now under way not only include broadcasting to the plant, which 
is on a direct line of sight from the broadcasting station, but relays 
are being developed that can be mounted on high prominences. 
Hence wherever several stations are to be recorded at a single 
receiving station, the receiving station and each of the transmit­
Fig. 8— S t e v e n s  P r e c i j i t a t i o n  
R eco rd er— T y p e  W
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ting stations are on a line with this relay, thus permitting the use 
of high frequencies between transmitting and receiving stations 
that are not themselves on a direct line of sight.
In  the precipitation recorder, as with the water level recorder, 
facilities are provided whereby broadcasts can be made daily when­
ever the precipitation is less than a given volume, e.g. 0.2 inches 
per hour. Whenever it exceeds that rate the broadcasts are made 
every hour. This saves receiving a lot of records that are not de­
sired and is economical in the use of strip charts and batteries. The 
Radio Recorder is operated by a synchronous motor and the pen 
by a relay that causes it to make a jog whenever a contact is made 
by the coding device through the transmitter. A time stamp prints 
the date and time of day on the chart at each broadcast.
P h o t o c e l l  R ec o rd in g
For the measurement of 
water in pipe lines where the 
pipe is under pressure and 
where the difference of two 
heads is an index of flow, as 
for Venturi tubes, orifices or 
nozzles—a rather novel device 
has been developed by which 
the record is secured through 
photocells and a water mano­
meter. No mercury is used. 
Fig. 9 shows a differential 
manometer and recorder. One 
water column is connected di­
rectly with the head of the Ven­
turi tube and the other to the 
throat. The tops of the tubes 
are joined by an air-tight pipe 
in which there is a tire valve.
The tubes are only long 
enough to accommodate the 
maximum difference of heads 
in the water columns. Around 
each tube is a photocell cab-
F i g . 91— S t e v e n s  D i f f e r e n t i a l  M a n ­
o m e t e r  a n d  F o t o c e l  R e c o r d e r
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met, suspended on a sprocket chain and counter-weighted 
over a sprocket pulley that is operated by a reversible motor. 
The two motors are connected by differential gearing. The 
cabinets contain two photocells each and a light source placed be­
hind the water column, which is masked by an opaque tube in 
which two small slots about i/g inch apart are cut. The one photo­
cell is energized by light passing through a slot in the masking 
tube above the water in the column. The other photocell is dis­
placed to one side so that it receives the light from the source 
through another slot in the masking tube and through the water. 
The water refracts the light rays more than does the air. When­
ever the levels in the column change the photocells make contacts 
and operate relays that energize the motors.
Whenever the water in one column rises to shut off light that 
passes through the air, it energizes the photocell which causes a 
relay to start the motor and raise the cabinet until the light again 
passes through the air to impinge on the photocell. This process 
is reversed in the case of the photocell receiving light through the 
water. In  this manner both cabinets remain at the top of their 
respective water columns at all times. Since the motors are con­
nected by differential gearing the shaft of the differential moves 
in proportion to the difference in heads. This shaft can be used 
to operate a recorder directly or to operate a remote registering 
system.
Experiments conducted over a period of years have proven that 
the compressed air in the space at the top of the columns is not 
dissolved nor carried away by the fluctuating water. Of course 
it is absolutely essential that the pipe connection at the top be 
air-tight. However, with an ordinary tire pump additional air can 
be pumped into this portion after repairing any leaks.
If  the cabinet should rise to the top of the column it closes a 
limiting switch which turns off the power and also closes a solenoid 
valve in the supply line to that column. These limiting switches 
are at both top and bottom of the columns and each supply pipe 
contains a solenoid valve that shuts off the water to the column if 
anything happens to it which is not in accordance with normal 
operation.
http://ir.uiowa.edu/uisie/31
E d it o r s ’ N o t e :
The paper presented before the Conference was accompanied by 
some 40 lantern slides which included the standard equipment used 
in hydrologic work as manufactured by the Bendix Corporation 
(Julien P. Friez & Sons branch) and the W. & L. E. Gurley Com­
pany, as well as by Leupold and Stevens Instruments.
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TIIE ROLE OF AIR-FLOW PHENOMENA IN HYDRAULICS
Session Chairman: H u b e r  0 .  C r o ft
Head, Department of Mechanical Engineering,
State University of Iowa
I n t r o d u c to r y  R e m a r k s
The three papers presented at this session deal with the weather 
and its effects on engineering and engineering structures. The first 
paper is by a meteorologist who ‘ ‘ specifies ’ ’ the weather which may 
be experienced. The second paper deals with simulating the effects 
of weather in a laboratory and the third and last paper deals with 
engineering innovations in design to outwit the weather.
The author of the first paper, Dr. C.-G. Rossby, was born in 
Sweden and studied at the University of Stockholm and the Univer­
sity of Leipzig. He has been a meteorologist for the governments 
of Norway and Sweden and was employed by the U. S. Weather 
Bureau in 1926. He was appointed Professor of Meteorology at 
the Massachusetts Institute of Techno'ogy in 1931, and has been 
prominent in meteorological activities in N.A.C.A. for a long time. 
He was one of the two joint recipients in 1934 of the Reed award 
of the Institute of Aeronautical Sciences. Dr. Rossby, Professor 
of Meteorology at the University of Chicago, has now prepared 
a discussion of the relationship between Meteorology and Hydro­
logy.
The second speaker, Dr. Hunter Rouse, was born in Ohio and 
attended the Massachusetts Institute of Technology and the Tech- 
nische Hochschule, Karlsruhe, where he obtained his doctor’s 
degree. He has been a member of the faculty of the Massachusetts 
Institute of Technology, Columbia, and the California Institute 
of Technology, and has been at the University of Iowa since 1939. 
He was awarded the Norman Medal in 1938. His paper deals with 
the laboratory approach to engineering problems with particular' 
emphasis on the utilization of low-velocity air tunnels.
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The third paper deals with engineering analyses of structures 
circumventing the effects of “ weather.” ’ The author, Dr. David 
B. Steinman, graduated from the College of the City of New York 
and later obtained a Ph.D. degree from Columbia. He is one of 
the best known bridge engineers in the country and has won the 
Croes Medal in 1919, the Norman Medal in 1923, and the Rowland 
prize in 1939, and has received five awards for his artistic bridge 
designs. Dr. Steinman will present an analysis of the stability of 
structures subject to the pulsating forces of flowing fluids.
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RECENT ADVANCES AND PROBABLE FUTURE TRENDS 
IN BASIC AND APPLIED METEOROLOGY
C.-G. R ossby  
University of Chicago, Chicago, Illinois
During the later part of World War II the contributions of the 
military meteorologists to the war effort received much publicity; 
as a result, the impression was created that many fundamental 
advances in meteorology were made during the war, and that 
these advances, with the return of peace, would result in a vastly 
improved meteorological service for the general public.
I t is difficult to imagine a field which would profit more from 
such advances than those branches of hydrology and hydraulics 
which concern themselves with the disposition and control of pre­
cipitation after it reaches the ground. Hydrologists, as well as 
many other clients of meteorology, have therefore good reasons 
to be interested in a sober evaluation of meteorological progress 
during the last few years and in an estimate of probable develop­
ments within the near future. This interest provides the justifica­
tion for the following comments, which necessarily must be both 
subjective and incomplete. The primary purpose of these com­
ments is to evaluate our progress in the understanding of the basic 
processes in the atmosphere and hence in our ability to forecast 
the weather. Since progress in the field of interpretation most in­
timately depends upon technological improvements in the scope 
and character of meteorological measurements, and upon the avail­
ability of adequately trained personnel and facilities for research, 
it will be necessary to begin with an evaluation of developments 
in these other fields.
In  the past, great wars have had a profound influence upon the 
growth of knowledge of the atmosphere. I t  is well known that 
during the Crimean W ar the destructive influence of one partic­
ular storm crossing the Black Sea led to the organization of a 
system of telegraphic exchange, over a large part of Europe, of
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daily weather observations. The meteorologists were thus given 
an efficient tool for the study of the character and movements of 
weather patterns, by means of daily synoptic sea-level weather 
charts.
It is equally well known that the isolation of the Scandinavian 
countries during World W ar I led them to establish an exception­
ally fine-meshed regional network of weather observing stations. 
A study of the observations from this network led to the discovery 
of the polar front and of the polar front wave cyclone, and resulted 
ultimately in the development of those techniques for weather map 
analysis which today go by the name of frontal and air mass an­
abases. At the beginning of World W ar II  these techniques had 
long since become generally accepted. These advances in meteor­
ological theory and analytical procedure, combined with the in­
sistence of the Norwegian Meteorological School on a physical, 
rather than a purely empirical, approach towards the forecast prob­
lem, had resulted in an improved precision in the description of 
surface weather patterns over limited areas and had made possible 
many instances of short-range weather forecasts of spectacularly 
high accuracy.
The Scandinavian meteorologists were forced to base their studies 
on instrument readings in the air layer near the ground and on 
visual observations of clouds and cloud movements in the free 
atmosphere. Conclusions concerning the structure of the free 
atmosphere were to a considerable extent based on “ indirect” 
methods and on theoretical deductions in which the observed pat­
terns of fronts and air masses at the ground served as a starting 
point. Very small fractions of the total budgets available for 
weather observations were used to secure direct observations from 
the free atmosphere, and the technological advances in the field 
of upper atmosphere exploration and measurements were meager. 
Early investigations of the upper air are shown in Figs. 1 and 2.
In the decade preceding the second world war it became in­
creasingly apparent that some of the inferences concerning the 
structure of the free atmosphere arrived at by indirect methods 
could not be correct, and efforts were therefore begun to secure 
direct upper air observations for use in the daily weather service, 
through airplane ascents, and later on through balloon-borne, auto­
matically transmitting meteorological instruments (radiosondes).
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Significant contributions to the design of a satisfactory radiosonde 
were made by meteorologists in the USSR, Finland, Germany, 
France and the United States. However, funds and facilities were 
not yet available to push this development to completion or to per­
mit organization of a hemispherical network of upper air stations.
In this particular field the impact of World War I I  has been 
so direct and spectacular that one may speak of a revolution in 
weather instrumentation. “ He who would gainsay the word ‘rev­
olution’ should consider that Isaac Newton had the knowledge and
F ig . 1— K i t e  S o u n d in g  
W. H. Dines, F.R.S., waiting to sta rt a kite a t Pyrton Hill, Oxfordshire. 
The meteorograph for measuring pressure, temperature and humidity is sus­
pended a t the center. K ites sometimes attained surprising heights of as much 
as 3 or 4 miles, but by no means as a regular thing. (W eather, May 1947, 
photo by C. J .  P . Cave)
http://ir.uiowa.edu/uisie/31
the equipment to-take ordinary balloon wind observations, that the 
Weather Bureau only 15 years ago worked upper-air sounding by 
a kite method available to Benjamin Franklin, and indeed that the 
entire apparatus for weather observation was but little changed 
in theory between 1858 and 1935.”  The preceding quotation from 
a recent study of technological advances in meteorology by W. W. 
Stokes is supported by a reference to an advertisement of weather 
instruments published in Paris in 1858, but strikingly similar to
P ig . 2— B a l l o o n  S o u n d in g
Jam es A. Glaisher, F.R.S., and H. Coxwell 7 miles above the earth on Sept. 
o, 1862 during one of several ascents. Their Mammoth balloon was 80 ft. high 
and 55 ft . in diameter a.nd each ascent, on which temperature, pressure, 
humidity, wind, magnetic, electrical, and physiological measurements were 
taken, cost about £50. Among their discoveries was the nighttime ground in ­
version, but on the 2 or 3 very high flights they evidently did not encounter 
the stratosphere.
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the advertisements of meteorological instrument manufacturers as 
late as in 1935.
The “ revolution” in instrumentation resulted from a combina­
tion of circumstances. Indirect or limited aerological methods, 
such as the pilot balloon technique which necessarily is restricted 
to clear weather areas or to the layers below the clouds, could not 
satisfy military requirements for direct meteorological measure­
ments from the free atmosphere, under all weather conditions. 
Independent efforts in the field of electronics had produced tools
F ig . 3— T h e  R a d io s o n d e  
Radiosonde balloon, parachute, and instrument with the SCR 658 Radio 
Direction F inding equipment used for determining winds aloft from the radio 
signals. The radiosonde made economically feasible the world wide upper air 
pressure and temperature network and, with the SCR 658, can be used for 
upper wind determinations under practically all weather conditions.
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and equipment which with very little modification could be ad­
apted to meteorological purposes. Finally, funds and manpower 
became practically limitless.
As a result of this “ revolution,” a fairly satisfactory network 
of radiosonde stations is now in operation over the North American 
continent, including Alaska and the Aleutians, from which reason­
ably accurate soundings of pressure and temperature are obtained 
twice daily. The humidity measurements are inadequate, but new 
techniques are now being developed and there are good reasons to 
expect substantial improvements in the humidity data within the 
next few years. Some of the radiosonde stations are now, and all 
of them will eventually be, provided with radio direction-finding 
(RDF) equipment (Fig. 3), to permit wind measurements in the 
free atmosphere through the tracking of radiosondes, under all 
weather conditions.
Through cooperation between Danish and II. S. authorities radio­
sonde data are now available also from Greenland. The European 
radiosonde net, although as yet too sparse, is beginning to give 
good service; an excellent start has been made by the USSR on 
the task of establishing a net of aerologic-al stations over the vast 
territory of Siberia.
The growth of the aerological network could undoubtedly be 
speeded up through some degree of international standardization 
of equipment, permitting the application of mass production meth­
ods to radiosondes, even though there is some danger in such stand­
ardization before a uniformly satisfactory type of equipment has 
been developed, but the principal obstacle to full utilization of 
now available data lies in a presumably temporary inadequacy and 
disorganization of our present communications channels.
To supplement the continental net of radiosonde stations, a small 
number of “ weather ships”  have now been stationed in both the 
Atlantic and the Pacific Oceans, and from these ships radiosonde 
and RDF wind measurements are made regularly. The cost of 
operations of this weather ship program is so high that the ob­
servations from the relatively few ships must be supplemented by 
data obtained through other means. Towards the latter part of 
the war promising experiments were carried out with a new type 
of radiosonde which could be dropped on a parachute from re­
connaissance aircraft flying at a height of 30,000' to 35,000'. Such
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aircraft, flying over established routes and releasing instruments 
at intervals of a few hundred miles, might ultimately provide ex­
tremely valuable vertical cross-sections through the atmosphere. 
For certain oceanic areas and in particular for the southern hemis­
phere the combination of such “ dropaway”  radiosondes and 
weather reconnaissance by air would seem to offer the only eco­
nomically feasible method of obtaining remotely adequate data.
Through the installation of radar altimeters on transoceanic com­
mercial aircraft and through a comparison of radar and barometric 
altimeter readings, it is now possible to obtain practically con­
tinuous data on the pressure distribution at various geometric 
heights above sea level. This source of meteorological data from
F i g . 4 — R adar  P h o t o g r a p h  o r  P r e c i p it a t io n
A cold fron t approaching a  New Jersey Army Installation on May 7, 1947, 
1515 EDT. (Heavier circles are 10 nautical miles apart, north is given by 
the radial beam toward the top, and the white blur in the center is ground 
clu tter). The showers along the cold front do not extend completely across 
the field. I t  is the usual occurrence on the radar scope to have distinct short 
lines of showers along cold fronts which normally extend for hundreds of 
miles, (Courtesy of Mr. Ray Wexler)
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the oceans is not yet utilized, but there is every reason to believe 
that in the near future full advantage will be taken of the many 
aircraft which cross the Atlantic daily.
The use of radar for the detection of local storms and of hurri­
canes (see Fig. 4) has been given so much publicity that it hardly 
needs to be stressed here. The U. S. Weather Bureau is now in­
stalling a few experimental units, and this number may be expected 
to increase. Of particular interest to hydrologists is the potential 
usefulness of this type of equipment in making possible short- 
range warnings of local cloud-bursts.
The introduction of rockets has provided us with a new and 
spectacular tool for effective exploration of the very high atmos­
phere, and will in tu rn  require the development of new techniques 
for meteorological measurements in the rarified air of the outer­
most layers of the atmosphere. I t  is not likely that the data so 
collected will materially affect the techniques of short-range weather 
forecasting, but it is not impossible that the physical state of the 
very high atmosphere may have some influence upon the radiative 
heat balance of the troposphere and lower stratosphere. Thus a 
better understanding of the physical state of the outermost layer 
of the atmosphere and of its dependence on solar activity may 
possibly furnish contributions to the solution of the problem of 
climatic anomalies.
Equal in potential importance with the technological advances 
made during the W ar are the large educational and training pro­
grams that were organized to meet the personnel requirements of 
the mushrooming military weather organizations. When the War 
began, in 1939, each of the two military meteorological organiza­
tions consisted of less than fifty professionally trained meteorologi­
cal officers and of relatively small numbers of enlisted observers. 
Most of these “ weather”  officers had been trained at the two pro­
fessional meteorological schools associated with academic institu­
tions which were in existence in the United States in the early 
part of the last decade. With the outbreak of the W ar in 1939, it 
became evident that there would soon arise a severe demand for 
additional numbers of trained meteorologists. Through coopera­
tion between a few far-sighted academic institutions and the re­
sponsible federal authorities in Washington, additional profes­
sional meteorology departments were organized and as a result
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a government-sponsored one-year course in professional meteor­
ology was set up in the autumn of 1940 at five well-equipped 
meteorological institutes. This first course, sponsored by the Civil 
Aeronautics Administration and the U. S. Weather Bureau, pro­
duced a few hundred graduates, who were divided between the 
Army Air Forces, the U. S. Navy and the U. S. Weather Bureau. 
Later, the sponsorship was taken over by the military services 
themselves.
Through the organization of overlapping courses and by in­
creasing the size of consecutive classes in nearly geometric pro­
gression, these five institutions together with a training school set 
up and operated directly by the Army Air Forces, produced a total 
of probably more than seven thousand meteorological officers, who 
had been given a 33-week meteorological course with approximately 
40 hours of supervised instruction per week. Most of the graduates 
of this program were used to set up routine forecast services along 
our global military air transport lines and to provide meteorologi­
cal advice for tactical and strategic air operations in all parts of 
the world.
W ith the end of the war most of these war trainees left meteor­
ology for other fields and it would be easy to dismiss the entire 
program as another typical war training program. However, 
several hundred of the most interested graduates of these courses 
have subsequently joined the U. S. Weather Bureau and thus 
materially increased the relatively small percentage of academic­
ally trained professional meteorologists in that institution. This 
group has brought with it a considerable store of knowledge con­
cerning meteorological phenomena of regions outside the contin­
ental United States. Other graduates have returned to their p ri­
mary academic fields of geology, physics, mathematics, civil engi­
neering, etc., and many of them are now working on problems in 
the boundary field between meteorology and these other sciences. 
I t  is probably fair to state that the very existence of a large group 
of professional people, aware of the methods and limitations of 
meteorology, even though working in other scientific fields, will 
serve to maintain a general interest in meteorology and to insure 
the maintenance of professional standards in meteorology in a 
manner which was not possible when the understanding of this 
science was restricted to a very small professional group.
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As a result of the publicity given to meteorological problems and 
to the meteorological training programs during the war years a 
similar diffusion of the interest in meteorological problems has 
occurred also among the more mature scientific groups in this 
country, and it may quite confidently be expected that significant 
contributions will be made by these new devotees to meteorology 
among other scientific groups. To these groups belong among 
others the units working on the “ seeding” of clouds under the 
direction of Dr. Langmuir in Schenectady, and on the application 
of electronic computing techniques to forecasting problems under 
the direction of Dr. Yon Neumann at the Institute for Advanced 
Study in Princeton.
With regard to the first of these two projects it may be stated 
with some degree of certainty that the threshold of an era of 
general precipitation control has not yet been reached, but it seems 
extremely likely that under certain climatic and synoptic con­
ditions it will be possible to manipulate certain types of clouds 
and cloud decks in a manner to reduce aviation hazards in a most 
significant manner. As far as general precipitation control is con­
cerned it should be remembered that the production of copious 
precipitation requires not only the presence of appropriate nuclei 
but also a continued convergence of moisture into the region of 
precipitation. This convergence is generally determined by factors 
which are not local in character and thus not readily subjected to 
artificial control.
With regard to the Princeton project, devoted to a study of the 
applicability of electronic computing methods to the solution of 
forecasting problems, the following personal comments would seem 
to be in order:
A few years ago the writer would have been of the opinion that 
the knowledge of forces operating in the turbulent atmosphere is 
so inadequate that the time for a computational approach towards 
the forecasting problem has not yet arrived. Furthermore, the 
general hydrodynamic equations upon which such a computational 
approach would have to be based, contain within them such a wide 
variety of phenomena, from acoustic waves to the large-scale per­
manent trade systems of the atmosphere, that these equations them­
selves, without additional specifications, can not be expected to 
provide an adequate starting point for a computational attack.
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However, researches conducted during the last few years in several 
different institutions indicate that there are certain aspects of the 
problem of forecasting the flow pattern in the upper atmosphere 
for a few days in advance which might be aided significantly by 
the availability of computing equipment capable of handling cer­
tain non-linear differential equations with three independent vari­
ables (time and two horizontal coordinates). This statement is 
based on the fact that such short range forecasts of the upper 
flow pattern have been made systematically, and not entirely with­
out success, with the help of certain simple qualitative, or very 
crude and approximate, quantitative integration procedures of the 
same differential equations. At this point it is important to stress, 
however, that there exists a vast gap between even a successful 
forecast of the upper flow pattern and a qualitative forecast of 
the amount of precipitation. A successful solution of the flow 
pattern forecasting problem is a prerequisite for precipitation 
forecasting, but does not automatically provide a solution to the 
second problem.
Before attempting a final evaluation of the present state of the 
art in meteorology one other important war time development should 
be mentioned.
In  the planning of strategic air operations it soon became abund­
antly clear that climatological factors had to be included and 
considered at a very early stage in the planning. The type of 
climatological information required concerned itself almost in­
variably with the frequency of occurrence of specific phenomena 
rather than with their average values, and in many instances the 
required frequencies were of a fairly complex character; for in­
stance, the probability of a secondary target B being open for 
visual bombing while the primary target A was closed. Climatologi­
cal questions of this type could not be answered except with the 
aid of punch card techniques, which therefore experienced an 
enormous growth in their application to meteorological problems. 
During the latter part of the war a major punch card file was 
organized as a permanent joint project by the Army, Navy and 
U. S. Weather Bureau and set up in New Orleans. Into this unit 
are fed not only observational data collected all over the world 
but efforts are being made to elassify various types of weather 
maps by a limited number of parameters and to put them on
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punch cards for use in the study of analogues. The organizational 
problem of how to file the enormous amounts of data now accumu­
lating from all sources in New Orleans and of how to develop 
efficient methods for dissemination of required tabulations to in­
terested research and engineering organizations has not yet been 
solved, but it may at least be stated that a basic step has been taken 
towards the creation of a modern “ frequency” climatology, to 
replace the older climatology based on means and averages.
I t  must be evident from the brief analysis presented above that 
the flow of daily synoptic data now has grown to such volume that 
present channels for dissemination are seriously strained, and 
current methods of representation for assimilation by the fore­
caster are inadequate. In  view of the increasingly apparent need 
for wider and wider extension of the field of view in time and 
space, more comprehensive and easily usable methods of repre­
sentation must very shortly be developed. I t  should hardly be 
necessary to stress that while such improved methods of repre­
sentation are urgently needed, they will not by themselves solve 
the basic forecast problems. Ultimately, basic progress in fore­
casting must depend upon the ability of the forecaster to recognize 
and solve the problem of fluid motion presented by each day’s 
weather maps. The understanding and “ feel” for fluid motion 
required for that purpose is in no sense dependent upon ability 
to manipulate hydrodynamic equations, but should require a real 
understanding of fluid mechanics which as yet is fairly rare among 
forecasters.
The technological advances listed above do not by themselves 
constitute progress in an understanding of the thermal and dy­
namic processes which produce the climate, the climatic fluctua­
tions and the daily weather. I t  is probable, however, that with 
the aid of modern technological tools these fundamental meteor­
ological problems may come closer towards their solution. I t  may, 
in fact, be stated that the net of radiosonde stations established 
during the W ar is rapidly bringing about far-reaching revisions 
in the picture of the character of major disturbances in the atmos­
phere and of the air circulation between high and low latitudes.
In the decades following the First World War, and before aero- 
logical data became generally available, it was assumed that the 
atmospheric disturbances of the middle latitudes generally could
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be described as polar front waves, traveling eastward or north­
eastward along the sloping boundary (front) between the cold 
air masses of high latitudes and the warmer air masses of sub­
tropical origin. These boundary waves would gradually, as a 
result of instability, change into closed vortices; the required ex­
change of air between high and low latitudes was assumed to take 
place through shallow, cold anticyclonic vortices moving south­
ward in the rear of the polar front waves, and through the trap ­
ping, lifting, and northward displacement of warm air in the cy­
clonic center portions of the unstable frontal waves. Theoretical, 
as well as empirical studies based on surface weather maps, in­
dicated that such unstable boundary waves would have a linear 
dimension of 1500 to 2500 km (Fig. 5).
In  the hemispheric circulation envisaged here, cold air moves south in shallow 
anticyclones, while warm air moves north aloft in the cyclones. (1921, Y. 
Bjerknes)
As long as the polar front wave served as the basic working 
model in synoptic meteorology, weather analysis and forecasting 
would necessarily concern itself with detection of new wave for­
mations and with the displacement, from map to map, of the air 
masses and fronts observed on these maps. Since the time interval 
between the inception of a new frontal wave and its maximum 
development sometimes may be as short as 24 hours, it is evident 
that the polar front theory was of maximum usefulness to short- 
range forecasting (24 hours or less), and in particular to short 
range forecasting for air transport operations.
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The hemispherical upper air charts which now are becoming 
available demonstrate, in a striking manner, the impossibility of 
describing the atmospheric disturbances of the middle latitudes
F ig . 6— C o n t o u r  M a p  o f  t h e  500-m b . S u r f a c e  f o r  O c t o b e r  1 2 , 1945
This map was made possible by the great extension of the upper-air observ­
ing network. (Contours are full lines, isotherms are dashed). The contours 
are roughly flow lines. Note the narrow band of close spacing of both con­
tours and isotherms giving the impression of a rapid, narrow, meandering 
stream. Also the type of air interchange indicated by the closed cold iso­
therms in the three cyclonic vortices a t low latitudes.
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in terms of a single model, such as the polar front wave model 
referred to above.
In these new charts one frequently observes that the entire 
temperature contrast between high and low latitudes is concen­
trated into a fairly narrow zone in middle latitudes, and one may 
therefore speak of an interaction between two different air masses, 
one polar and one subtropical, along this narrow transition zone. 
However, whereas the fronts of the sea level weather maps often 
appear to represent the boundary between two fairly broad and 
uniform air currents, each moving relative to the other, one finds 
that in the free atmosphere the strong winds frequently appear 
to be concentrated in the transition zone between the polar and 
subtropical air masses. Thus the motion of the upper troposphere 
may perhaps best be described as resembling that of a narrow 
river flowing eastward between stagnant cold air masses to the 
north and stagnant warm air masses to the south as illustrated 
by Pig. 6.
This west wind belt is not uniform, but winds its way eastward 
in the manner of a meandering river, the characteristic distance 
between corresponding bends (wave length) varying between 50 
and 120 degrees of longitude (4000-9500 km). Under these long 
waves of the upper atmosphere one observes, in the surface layers, 
the typical polar front waves, usually, but not always, of much 
smaller dimensions than the upper disturbances. The upper wave 
pattern determines the position of the frontal zones and the di­
rection of motion of the short frontal waves below. I t follows that 
the upper wave pattern shown in Fig. 7 is of primary importance 
to weather forecasting for periods in excess of 24 hours.
There is considerable evidence to show that while individual 
upper waves generally move quite slowly, they can not be treated 
as independent phenomena. The amplitude changes and displace­
ments of one wave seem to react upon adjacent waves. If  this 
impression is verified through further research, it would imply a 
profound interdependence of various parts of the atmosphere, above 
and beyond the interdependence resulting from the advective dis­
placement of air masses from one part of the globe to another.
The hemispherical upper air charts seem to indicate that the 
principal mechanism of exchange of air between high and low 
latitudes results from excessive meandering of the upper west wind
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belt, in such a manner that deep domes of cold air with strong 
cyclonic circulation are cut off and isolated in the cold air region 
to the north of the west wind belt. At times, the cutting off and 
northward transport of warm, anticyclonic air columns becomes 
so intense that the polar region, apart from a layer near the 
ground, may be filled with a large, relatively warm anticyclone, 
extending throughout the entire troposphere. When this happens, 
the cold polar air is displaced southward and may be distributed 
as a ring of cold, quasi-connected cyclonic centers in middle lati­
tudes. (This pattern was characteristic of the month of February 
of 1947, which caused so much damage and misery in Central 
Europe and the British Isles, and seemed to repeat itself again in 
May of the same year.)
The processes described above could not have been recognized 
from surface data or from regional upper air net works, but were
P ig . 7— C o n t o u r  M a p  o f  t h e  500-m b . S u r f a c e  f o r  M a r c h  18, 1947 
The surface fronts have been superimposed in heavy lines. Cyclonic dis­
turbances a t the surface occur a t the crests on the frontal patterns, there 
being several such disturbances particularly in the easternmost of the two 
large upper sinusoidal troughs a t 70°W and 170°W longitude.
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readily seen as soon as hemispherical three-dimensional data be­
came available.
I t  is reasonable to expect that a thorough evaluation of the in ter­
action between the upper and lower layers in the atmosphere must 
lead to a considerable improvement in 24- and 48-hour forecasts, 
and that similar considerations, in combination with a thorough 
evaluation of the effect of interactions between different parts of 
the hemisphere ultimately should permit the preparation of rea­
sonably dependable, but fairly general day-by-day forecasts for 
periods of up to one week in advance. A careful aerological study 
of the hemispherical redistributions of mass, which appeared to 
occur more than once during the last winter, may ultimately shed 
some light on the problem of short-term climatic fluctuations 
of presumably purely terrestrial origin. One of the important 
factors involved in this study would be to determine the time re­
quired for the transformation of the warm air of a deep, polar 
anticyclone, through radiative heat losses, into true polar air.
Using the brief review presented above as a starting point, it 
is tempting to outline the probable developments in applied meteor­
ology, primarily forecasting, over the next few years.
In  the field of short-range, local forecasting for time intervals 
of considerably less than 24 hours, it is reasonable to anticipate 
considerable improvements in the accuracy and timing of fore­
casts of precipitation, and of other weather elements, through the 
introduction of radar and other electronic aids. These improve­
ments should be of particular value in the operation of airports, 
power plants and flash flood protection systems.
In the field of day-by-day forecasting, for periods of one to 
three days in advance, full utilization of hemispherical three- 
dimensional data should lead to considerable improvements in 
accuracy, mainly through the elimination of a large percentage 
of those forecast "busts”  which are associated with the failure 
or inadequacy of the extrapolation methods on which most day- 
by-day forecasts even now are based. It should ultimately become 
possible to prepare general, day-by-day forecasts for periods of 
perhaps as much as a week in advance, with significant, even 
though small, positive skill scores.
In  spite of the publicity released during the War, there is no 
reason to believe that it will be possible to specify the exact nature
http://ir.uiowa.edu/uisie/31
and timing of local weather much in advance of 36 hours, except 
under very special atmospheric conditions, characterized princip­
ally by the absence of “ weather” . Local “ weather” manifesta­
tions, convective or cyclonic, are generally associated with small- 
scale, moving and transient areas of ascending air motion, and 
there exists, to the w riter’s knowledge, no method or potential 
method for the prediction of the exact time and place of occurrence 
of such systems even though it frequently is possible to predict 
a statistical preference for their occurrence, over a broad area and 
longer time interval. The term “ unsettled”  weather does in the 
w riter’s opinion represent a fairly accurate and economically use­
ful, even though negative, description of certain weather types 
and would thus seem to be entirely appropriate for use in some 
forecasts for time intervals in excess of 48 or 72 hours.
Considerable progress may be expected in the systematic de­
scription of short-range climatic anomalies (with a time scale of 
a few weeks to a few months). These advances will come about 
mainly through the combination of aerological with statistical 
climatological studies of anomaly patterns on a hemispherical or 
global scale.
The availability of daily upper air observations from a large 
part of the globe is opening up new and enchanting vistas for 
meteorological research workers and there is every reason to be­
lieve that the next few years will be marked by many fundamental 
contributions to the knowledge of the atmosphere.
The author is greatly indebted to Mr. Dave Fultz for critical 
assistance in the preparation of this paper and in the assembly of 
the illustrative material.
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USE OP THE LOW-VELOCITY AIR TUNNEL IN 
HYDRAULIC RESEARCH
H u n t e r  R o u s e  
Iowa Institute of Hydraulic Research, Iowa City, Iowa
- Instructors in fluid mechanics place considerable emphasis upon 
the fact that both air and water behave in accordance with the same 
fundamental laws of motion, and cite as evidence the frequent test­
ing of under-water bodies in the aerodynamic wind tunnel and o f . 
aircraft parts in the hydrodynamic water tunnel or towing tank. 
Not until investigators familiar with hydraulic testing have ex­
perienced the relative ease of conducting similar tests in air, how­
ever, does the actual broadening of the experimental field which 
this entails become directly apparent. Staff members of the Iowa 
Institute were initiated perforce into the technique of air-flow 
measurement early in the recent war, with results which were 
pleasantly surprising; since then they have been staunch proponents 
of the air tunnel as an essential tool of the hydraulics laboratory.
Five advantages which at once recommend the use of air instead 
of water for test purposes are as follows: (1) owing to the low 
density of air (approximately one eight-hundredth that of water), 
structural requirements are held to a minimum; (2) for the same 
reason, power demands are reduced many fold; (3) absolute air­
tightness of a conduit is by no means as essential as absolute water­
tightness, for wetting problems do not exist; (4) with the atmos­
phere serving at once as a supply reservoir and a catch basin, 
storage tanks and water costs are eliminated; finally (5) many 
phases of instrumentation become greatly simplified.
Apparently opposed to these advantages are factors stemming 
from the three major characteristics of liquids as distinguished 
from gases: the relatively high elastic modulus, the tendency to 
become discontinuous when the vapor pressure of the liquid is
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reached, and the ability to maintain a free surface. I t  would there­
fore seem that air could not replace water for experimental purposes 
under conditions involving the effects of compressibility, cavitation, 
or gravitational attraction. Such, however, is not entirely the case. 
On the one hand, air may undergo velocity changes of several hun­
dred feet per second without the influence of its compressibility 
becoming apparent; on the other hand, there is a close analogy 
between compression waves in gases and gravity waves in liquids, 
as was emphasized by Dr. Ippen at the Second Hydraulics Con­
ference. At that Conference, moreover, Mr. Mousson told of study­
ing the pressure distribution in a model turbine as a step in re­
ducing cavitation, air being used because of its convenience; dur­
ing the recent war, similarly, the tendency for certain underwater 
projectile forms to produce cavitation was determined on models 
in aerodynamic wind tunnels. Finally, Dr. Knapp discussed at 
the same Conference the so-called density currents produced by 
silt-laden flow in fresh-water reservoirs, a gravitational effect closely 
akin to the flow of either dust-laden or merely colder air in the 
atmosphere; each of these gravitational phenomena is as definitely 
governed by the Froude criterion of similarity as any liquid flow 
with a free surface.
The writer is by no means recommending the construction of the 
familiar wind tunnel of aeronautics laboratories in every hydraulics 
laboratory, for the term “ low-velocity ” is used advisedly in the 
title of the paper. This term is, of course, wholly relative, but is 
intended to form a distinguishing category similar to “ supersonic” 
and “ aerodynamic” . High-velocity wind tunnels producing speeds 
beyond that of sound in air will probably never have their liquid 
counterpart—although recent news items on the projection of 
molten metal cite velocities comparable to that of sound in the 
corresponding medium. Aerodynamic wind tunnels, on the other 
hand, are so devised as to attain prototype Reynolds numbers with­
out reaching sonic speed, and even with appreciable compression 
of the air they generally involve velocities greater than several 
hundred feet a second. The low-velocity tunnel herein discussed is 
intended to cover the remaining range—with an air speed of per­
haps one hundred feet per second as the practical maximum.
There at once arises a very essential question as to the usefulness
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of such relatively low air speeds when much higher values are 
normally required to produce dynamic similarity of the Reynolds 
type, for the velocity should then vary directly with the viscosity 
and inversely with the linear scale. (The kinematic viscosity of 
air, it must be noted, is some fifteen times as great as that of water, 
while the scale is invariably reduced for model study.) However, 
the fact remains that the majority of the problems confronting the 
hydraulic engineer are wholly lacking in the highly streamlined 
elements demanded by the aeronautical engineer, and hence many 
of the boundary conditions investigated in the hydraulics laboratory 
are completely independent of the viscous phenomena for which 
the Reynolds number is the essential criterion. In other words, 
geometrical effects rather than surface effects still predominate in 
hydraulics; since these are relatively free from velocity, scale, and 
viscous influence, for the study of such problems the low-velocity 
air tunnel is a most convenient tool.
F ig . 1— V i e w  o f  S i m p l e  D e m o n s t r a t io n  T u n n e l  f o r  T w o -d im e n s io n a l
P h e n o m e n a .
Just how simply equipment of this nature may be constructed 
is indicated by the portable, two-dimensional tunnel shown in Fig.
1, which was built in 1943 to fill a temporary need at the Institute 
laboratory and still finds considerable use. Air speeds up to 75 
feet per second may be obtained in the 2x20x30-inch transparent 
test section by means of suction from a 5-horsepower centrifugal
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fan. A somewhat more elaborate experimental tunnel, of the three- 
dimensional open-throat type, is that sketched in Fig. 2, which was 
designed by the Institute for instructional purposes at the National 
University of Colombia and will be built essentially in duplicate 
for use in the student laboratory of the Institute. The larger of 
the two tunnels constructed by the Iowa Institute for NDRC re­
search during the recent war was of the closed-throat type, having 
a test section 4 feet high, 6 feet wide, and 20 feet long (Fig. 3). 
Owing to the necessity of introducing either heat or gas into the 
flow, fresh air was drawn in through windows at the north end 
of the laboratory and exhausted by the 7V2 -horsepower fan through 
windows on the east and west sides; maximum air speeds of ap­
proximately 25 feet per second were attainable. With the forth­
coming expansion of the Institute, it is planned to rebuild the latter 
tunnel as a two-dimensional closed-throat unit having a test section 
2x3x6 feet in size with velocities up to 100 feet per second, and to 
install a recirculating, three-dimensional, closed-throat tunnel hav­
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ing a test section in the form of a 5-foot octagonal prism 20 feet 
long with a 100-foot-per-second maximum speed. Needless to say, 
additional fans and blowers of various capacities will be available 
for research requiring independent air supply.
F ig . 3— T e s t  S e c t io n  o f  L a r g e r  I n s t i t u t e  T u n n e l  S h o w i n g  U r b a n  M odel  
U s e d  i n  G a s -d i f f u s i o n  A n a l y s i s .
The wartime uses of the larger Institute tunnel are pertinent to 
the present discussion in that they indicate at one and the same 
time the great range of application of such an experimental facility 
and the bearing of all test results upon fundamental problems of 
hydraulic engineering. The tunnel was constructed specifically for 
the study of gas diffusion in urban districts, a typical pattern of 
structures under observation being seen in Fig. 3. In  the case of 
boundary angularity of this nature, it was found possible to express 
all measurements of gas concentration for a particular structural 
arrangement (i.e., regardless of wind speed, scale, and rate of gas 
flow) in terms of dimensionless concentration contours, through use 
of an index involving the local volume concentration c in its ratio 
to c0 —  Q/Vh2, in which Q is the volume rate of gas release at the 
source, V  is the mean wind speed above the structures, and h is 
the structural scale. Typical concentration contours are shown in
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Fig. 4 for a schematic grouping of cubic forms. Needless to say, 
the diffusion of salinity or very fine sediment in a liquid under 
comparable boundary conditions could be evaluated in essentially 
the same manner, for the injection of gas into an air stream pro­
vides a most convenient means of simulating and measuring the 
diffusion process.
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F ig . 4— D i m e n s i o n l e s s  R e p r e s e n t a t i o n  o f  G a s  D i s t r i b u t i o n  i n  M odel  
V il l a g e  S i m i l a r  t o  t h a t  o f  F i g . 3.
The second phase of war research for which this facility was 
developed involved the problem of determining heat requirements 
for fog dispersal over airplane runways—the method known under 
the code term FIDO. A line source of heat simulating a continuous 
gasoline burner was produced by means of a jet manifold burning 
butane gas and extending across the tunnel floor. Since the rate 
of heat diffusion varied with the relative intensity of the convection 
currents produced by the local heating of the air, it was to be ex­
pected that the distribution of heat downwind from the source 
would depend upon the distance from the source, the wind speed, 
and the rate of heat release. Vertical temperature traverses were 
therefore made with a sensitive thermocouple circuit in such man­
ner that the effect of each variable in turn could be evaluated, as 
indicated in Fig. 5. Since thermal effects were actually involved 
only to the extent that the temperature variation resulted in a
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proportional buoyancy of the heated air, the resulting convection 
was purely a gravitational phenomenon akin to many problems in­
volving the relative motion between slightly lighter and heavier 
liquids and gases. The Froude criterion for similarity should there­
fore be expected to govern the conversion of experimental data to 
prototype conditions. In fact, by expressing the temperature differ­
ences in terms of the resulting difference Ay in specific weight, 
and by writing the rate of heat release in terms of a net weight flux 
G defined by the equation
G —  j  v Ay dy
it was found possible to reduce all the data of Fig. 5 to the single
H =cpy0v/ATdy
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F ig . 5— M e a s u r e m e n t s  o f  T e m p e r a t u r e  D i s t r i b u t i o n  D o w n w i n d  f r o m  a 
L i n e  S o u r c e  o f  H e a t .
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dimensionless plot of Fig. 6, in which the quantity oV:i/G  is a form 
of the Froude number. The full line corresponds to an error dis­
tribution satisfying the elementary equations of energy and diffu­
sion. It is to be noted that the rate of spread of the diffusion zone 
is inversely proportional to the Froude number. Evidently, infor­
mation thus obtained in the air tunnel should be applicable as well 
to the flow of heated or cooled water, and convection produced in 
this manner by temperature differences should also characterize 
convection phenomena due to the presence of either finely dispersed 
air bubbles or suspended sediment.
The last of the wartime projects involving the low-velocity air 
tunnel dealt with the determination of wind patterns over models 
of mountainous terrain. For this purpose the sensitive direction-
-/GpV
F ig . 6— D i m e n s i o n l e s s  P l o t  o f  G r a v it a t io n a l  D i f f u s i o n  f o r  t h e  D a ta
o f  F ig . 5.
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indicating Pitot tube shown in Pig. 7 was constructed, six fine tubes 
being so formed, and mounted that, in combination with a differen­
tial gage of the Wahlen type reading to 0.001 inch of alcohol, the 
magnitude of the velocity vector and its horizontal and vertical 
inclinations could be measured at any point above the model. Aside 
from its immediate application to meteorology (and, under water, 
to oceanography), the same experimental technique is directly use-
F io .  7— D ir e c t io n a l  P it o t  T u b e  f o r  A ir  F l o w .
fill in the various problems of hydraulic engineering in which 
knowledge of the flow pattern is desirable—for instance, the design 
of baffle and bridge piers, conduit inlets, scroll cases, or draft tubes. 
In every such instance, the experimental investigation—or at least 
the preliminary exploration—may proceed more rapidly, con­
veniently, and economically in flowing air.
Use of the air tunnel for demonstration purposes—particularly 
in the observation of eddy patterns requiring contamination of the 
fluid by a coloring agent—is of considerable importance in both 
instruction and research. During the war years the Institute pre­
pared a number of motion-picture sequences on turbulence and
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diffusion for use in training personnel, typical frames of which 
are reproduced in Figs. 8, 9, and 10. Although these studies dealt 
specifically with such atmospheric problems as the diffusion of 
smoke and gas under stable and unstable conditions and in wooded 
and urban districts, and the diffusion of heated air over fog-bound 
landing fields, both the flowing medium and the demonstration 
technique are readily adaptable to the illustration of similar effects 
as they occur in any gas or liquid. The complete transparency of
F ig . 8— E ddy  S t r u c t u r e  i n  t h e  L e e  o f  a  S c h e m a t ic  B u i l d i n g .
fresh air, the ready production of dense smoke plumes with either 
titanium tetrachloride or oil fog, and the extreme economy with 
which contaminated air may be wasted are all factors in favor of 
the air tunnel for such purposes.
Although the small tunnel of Fig. 1 was constructed wholly for 
visual and photographic studies of this nature, it was soon found 
to be very convenient in exploratory tests on pressure distribution 
around various two-dimensional boundaries characterized by either 
pronounced angularity or rapid convergence. Typical of such tests 
are Figs. 16 and 17 of Dr. Steinman’s paper on page 159 of this 
volume and the two series of measurements reproduced herein as 
Figs. 11 and 12. The first of these was taken from preliminary 
studies for a graduate thesis on cavitation at gate slots in a high- 
velocity conduit or sluice. A schematic slot was constructed of 
sheet plastic in such manner that the proportions could readily be 
changed. The particular system of curves shown in Fig. 11 repre-
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F ig . 9— F o r m a t io n  o f  a  S t a b l e  E ddy  B e h i n d  a  W i n d  Cu r t a i n .
sents the variation in pressure distribution which is caused by rela­
tive displacement of the downstream wall in either direction from 
its normal plane. The great reduction in minimum pressure (the 
primary factor involved in the elimination of cavitation) which 
results from a slight depression of the wall is at once apparent.
F ig . 10— F l o w  P a t t e r n  i n  t h e  W a k e  o f  a  V e r t ic a l  W a l l .
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Studies of actual cavitation effects obviously require the use of 
water, but exploratory tests in air not only reduce the necessary 
extent of the final investigation but do so at a few percent of the 
cost which would otherwise be involved.
1/
F ig . 11— D is t r i b u t i o n  o f  P r e s s u r e  a t  a  G a t e  S l o t .
Fig. 12, in turn, illustrates the effect of radius of curvature upon 
the pressure distribution at a two-dimensional conduit inlet. Ac­
cording to the theory of potential flow, continued decrease in the 
ratio of radius to wall spacing should result in a continued increase 
in the pressure drop just upstream from the point of final tangeney. 
This trend is well indicated by the sequence of the curves in the 
plot at the left and by the minimum-pressure function at the right. 
A zero radius would evidently result in a pressure intensity of 
negative infinity as the limit of this function—were it not for the 
minor effects of either compressibility in air or cavitation in water 
and for the major effect of separation which invariably occurs when 
the curvature of the boundary becomes too abrupt. The optimum 
degree of separation, of course, is found in the case of the sharp 
•corner, and it is pertinent to note that the minimum pressure for 
this condition is not extreme. In other words, the greatest pressure 
drop does not coincide with the minimum rounding of the entrance, 
for the reduction in the separation tendency with increasing radius 
of curvature causes the minimum-pressure function to approach 
that of the potential theory more and more closely. So far as 
boundary pressure is concerned, a slight degree of rounding is
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therefore worse than none at all. To what extent such conclusions 
bear upon cavitation during the three-dimensional flow of water 
at high Reynolds numbers is discussed in another paper of the 
Conference Proceedings. The present tests were conducted in per­
haps a week’s time by M. L. Albertson, one of the Institute staff, 
simply to illustrate the simplicity of the air-tunnel method in such 
exploratory studies.
Of considerable interest in the flow of either air or water is the 
degree of turbulence produced by screens and baffles and its rate 
of decay in the downstream direction, for many types of research 
equipment (such as wind and water tunnels) involve the use of 
such stilling devices, and many types of research project (such as 
sediment and heat diffusion) require the production of known 
degrees of turbulence. Following the completion of the NDRC 
studies previously outlined, the larger air tunnel of the Institute 
was at once allocated to the evaluation of turbulence character­
istics downstream from a systematic series of lattice and perforated
screens under the sponsorship of the David Taylor Model Basin 
of the Navy Bureau of Ships. The relative ease of measuring both 
the intensity and the scale of turbulence in air by means of either 
the gas-diffusion or the hot-wire process permitted data of the type
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plotted in Fig. 13 to be obtained. The results are, needless to say, 
equally applicable to the flow of air, water, or any other fluid of 
comparable viscosity.
I t is eventually planned to utilize the same or a similar air 
tunnel in studying the effect of turbulence upon the rate of evapo­
ration from both solid and liquid surfaces. Preliminary tests in 
this program were made by Mr. Albertson in the demonstration 
tunnel of Fig. 1 to ascertain practical aspects of evaporation 
measurement, the relative wall height of a schematic land pan being 
used as the geometric variable. As indicated in Fig. 14, a system­
atic trend of evaporation rate with air speed is obtained despite 
the relatively crude instruments and controls assembled for the 
initial tests and the obviously incomplete dimensional treatment 
of the variables involved.
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F ig . 13— E n e r g y  L o s s  a n d  T u r b u l e n c e  P r o d u ce d  b y  S c r e e n s .
There are, of course, many instances such as this in which air 
flow plays a direct part in problems of hydraulic engineering : the 
entrainment of air by flowing water; the generation of waves by 
wind; the ventilation of weirs, siphons, and gates; and the general 
question of drag at an air-water interface. Practically every one
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of these has already been investigated in one or another hydraulics 
laboratory using some form of air duct or tunnel. In addition, 
however, there are various air-flow problems in allied fields of 
civil, mechanical, and marine engineering which must now be sent 
to already overtaxed aerodynamic wind tunnels for experimental 
analysis: pressure distribution on buildings in high winds; methods 
of smoke abatement; air-induced vibration of suspended or rotat-
F ig . 14— V a r ia t io n  o f  E v a p o r a t io n  R a t e  w i t h  A ir  S p e e d .
ing structures; flow problems involved in heating, ventilating, and 
air conditioning; the piston effect in railroad and vehicular tun­
nels; and the erosion of soil by wind. In no instance is the ex­
perimental equipment or technique essentially different from that 
used in the studies discussed herein. One can only conclude from 
such considerations that there is an unlimited field of application 
for air-flow equipment in any hydraulics laboratory.
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PROBLEMS OF AERODYNAMIC AND HYDRODYNAMIC
STABILITY
D. B. S t e i n m a n  
N e w  Y o r k  C it y
The types of problems herein presented include such instability 
phenomena as the “ singing” of telephone wires; the “ galloping” 
of electric transmission lines; the vibrations of submarine peri­
scopes, of towing cables, and of other submerged parts of naval 
equipment; the vibrations of tall smoke stacks; the flutter of air­
plane wings and control surfaces; and the wind-induced oscillations 
of flexible bridge spans. All of these phenomena are related in 
that they all involve vibrations initiated or amplified by drawing 
energy from the relative flow of the surrounding fluid medium. 
Whether this surrounding medium is air or water, essentially the 
same basic physical principles and mathematical relations are in­
volved. In  the study and solution of these problems the methods 
of hydrodynamic and aerodynamic research and analysis are 
mutually supplementary or interchangeable.
These stability problems are challenging to the engineer because 
the attendant vibrations may have serious effects, including im­
pairment of usefulness (as in periscopes), increase in drag (as in 
airplane parts), fatigue failure (as in telephone wires), rupture 
from abnormal stress (as in transmission lines), and physical de­
struction (as in the catastrophic oscillations of a bridge).
During the past few years, the dramatic rediscovery of disturb­
ing and destructive aerodynamic oscillations of bridges on the one 
hand, and the war-stimulated research on hydrodynamic vibrations 
of naval equipment on the other hand, have focussed intensified 
interest in this group of instability phenomena. New problems have 
been added to the list and significant new contributions have been 
made toward their comprehensive solution.
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Two C a t e g o r ie s  o f  I n s t a b il it y  P r o b l e m s
In the past, two categories of instability problems have been dis­
tinguished : self-excited vibrations, and forced vibrations.
In  a self-excited vibration, the alternating force that amplifies 
and sustains the oscillation is created or controlled by the oscilla­
tion itself. In  such case, the alternating force is automatically 
resonant with the natural frequency of the oscillations. The gallop­
ing of transmission lines and the oscillations of flexible bridge spans 
are considered in this classification.
In a forced vibration, the alternating force that initiates, am­
plifies, and sustains the vibration exists independently of the vibra­
tion and persists even when the vibratory motion is stopped. In 
such case, the frequency of the alternating force is independent 
of the natural frequency of the vibration, and amplification depends 
upon accidental resonance or proximity to resonance. Vibrations 
identified with vortex shedding are considered in this category.
Recent discoveries tend to efface the line of demarcation between 
these two classifications of instability problems. I t  has been found 
that vibrations identified with vortex shedding also involve auto­
matic synchronism, or control of impulse frequency by vibration 
frequency, once the vibrations have been initiated. This broadens 
the base of similarity and correspondence between the two types 
of instability and strengthens the prospect of ultimately reducing 
all instability phenomena to a common basic explanation and 
analysis.
H y d r o d y n a m ic  O s c i l l a t io n s  o f  a  C y l in d e r
As is well known, when a cylinder moves transversely at a uni­
form velocity through a fluid, or when a fluid moves steadily past
P ig . 1— V o r t e x  T r a il  i n  W a k e  o f  Cy l in d e r  ( N o n -o s c i l l a t in g ) .
a stationary immersed cylinder, eddies are shed periodically from 
the cylinder, forming the Karman vortex trail (Fig. 1). Each time 
an eddy is released, an unbalanced lateral force acts on the cylinder.
------- i - 0 ---------------- è ----------------0
-— 1=3.33 h----*
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I f  the cylinder is free to vibrate laterally, the alternating lateral 
forces may impose on it a forced vibration with a frequency equal 
to the eddy frequency. If  the eddy frequency /  is in a critical 
range related to the natural frequency N  of the cylinder, the vibra­
tion of the cylinder may attain a high amplitude.
If d is the diameter of the cylinder, h the width between the two 
rows of eddies (Fig. 1), I the distance between successive eddies 
in the same row, V  the relative stream velocity, and v the speed of 
translation of the eddies (relative to the cylinder), the established 
relations (practically constant for circular cylinders in open flow) 
a re :
7 ~ '*■ T  = °'30' 7 = ts- f  = 0M
As established analytically by von Karman, the ratio li/l must be 
a constant, independent of R and of the cause of the wake.
The eddy frequency must obviously be
^  =  0 ,0  I .
The dimensionless ratio
S =  X  0.20 (2)
first determined in 1878 by V. Strouhal as 0.185, is known as the 
Strouhal number. This dimensionless ratio, fd /V  or V/fd ,  or the 
corresponding expression for other cases, is the basic parameter 
in the formulation of all vibration phenomena related to the velocity 
of fluid flow. (In self-excited oscillations, the corresponding para­
meter is N b/V  or V/Nb.) From the known value of the Strouhal 
number, the eddy frequency is determined for any value of V / d :
V V/  =  s —  Si 0.20 4 -  (2a)d d
The Strouhal number varies with the form of the section and with 
the Reynolds number of the flow. For cylinders, the curve of the 
Strouhal number S against the Reynolds number R, as obtained 
experimentally by Relf and Simmons, is shown in Fig. 2. For 
Reynolds numbers between 500 and 200,000, S may be taken as 
practically constant at S ~  0.20. At higher values of R, S increases
http://ir.uiowa.edu/uisie/31
steeply. At R =  700,000, S ~  0.30. (For a flat plate held normal 
to the flow, S ~  0.145 at R =  3000.)
Log l0 R
F ig .  2— V a r i a t i o n  o f  S t r o u h a l  N u m b e r  S w i t h  R e y n o l d s  N u m b e r  R.
From Eqs. (1) and (2), the Strouhal number may be written
a __ d v
I V
showing that S and /  vary inversely with the eddy spacing I 
The drag I) computed from the vortex trail is given by
9
(3)
D ~ V 2l \  1,587 y - 0.628 (t ) ' ] 0.90 V 2d (4)u
(or CD ~  0.90), where u is the eddy speed relative to the stream, 
(u =  V— v ~  0.14F.) More recent tests at the Taylor Model Basin 
yield a higher value, CD ~  1.20, indicating u ~  0.19F, which 
would make S is  0.188.
By Eq. (2), the stream velocity V, corresponding to resonance 
( /  =  N ) is defined by
Vj_
'Nd
1
S (5)
where N  is the natural frequency of the vibrating cylinder.
If  there is a circulation T about a cylinder in a uniform stream 
of velocity V, the lateral force L  per unit length on the cylinder 
is given by the familiar relation
L  =  Q r V  (6)
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As established by von Karman, the circulation of an eddy in the 
vortex trail is
The shedding of an eddy into the wake leaves an equal (and 
opposite) circulation or increment of circulation about the cylinder. 
The circulation about the cylinder at any instant is the algebraic 
sum of the circulations of all the vortices in the wake. If  the pro­
gressively increasing strength of the alternate vortices during the 
initial period of acceleration, before the steady state of V is reached, 
is represented by a series progression of the form
it is seen that the maximum circulation about the cylinder in the 
steady state is not ±  F, but ±  (This point has been missed
in prior literature on the subject.) Hence, from Eqs. (G) and (7),
(or CL ~  1.71). This lateral force L  is larger than the drag I) 
as given by Eq. (4). As alternate eddies are shed and trail off in 
the double-row wake, L  is a periodically alternating force, with 
frequency f, acting on the cylinder. This force L  acts downward 
when the eddy is shed from the top of the circular section, and 
upward when the eddy leaves the bottom of the circular section. 
This periodically alternating force L  is capable of initiating oscilla­
tions from a state of rest, also of amplifying them until a steady 
state of oscillation is reached.
A common misconception needs correction. The oscillations of 
the cylinder (or other section) are not caused or produced by the 
vortices. The vortices in the wake are merely counters, markers, 
or footprints providing a convenient physical and mathematical 
trail from which the circulation about the cylinder and the con­
sequent lateral forces acting on the cylinder may be inferred, for­
mulated, and computed.
E f f e c t  o f  V ib r a t io n s  o n  W a k e  a n d  o n  E d d y  F r e q u e n c y
Recent test results at the U. S. Experimental Model Basin and 
at the David W. Taylor Model Basin indicate significant modified 
relations when the immersed cylinder is actually oscillating : If the 
cylinder is in transverse vibration due to the action of its vortex
r  =  2.83 I u X  1.71 Vd (7)
± r
L  «  1.71 (qV 2/ 2) d (8)
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trail, it sheds an eddy at or near each end of its amplitude range 
(Fig. 3). Consequently the normal width (h ) of the vortex street 
is augmented by the total amplitude (2«), or in the ratio
q  =  (h  - f  2a) / h .  (9)
The stability geometry of the vortex trail requires the wave length
I between eddies to be increased in the same ratio. Hence, by
h / 2 -
( __
h'= h+2a v=0.<36 K-
G ° ± .
-e-h/2
F ig . 3— V o r t e x  T r a il  i n  W a k e  o f  O s c il l a t in g  Cy l in d e r .
Eqs. (4), (6) and (7), the drag D, the circulation F and the lateral 
force L  are all increased in the same ratio:
I) =  q 7)0, T =  q r„, L  =  q L0. (10)
and, by Eqs. (1) and (3), the Strouhal number S and the eddy 
frequency /  are reduced in the inverse ratio:
S *= Y  su, /  =  (1 0 b)
Similar reasoning explains why S increases at higher Reynolds 
numbers. When the boundary layer changes from laminar to tu r­
bulent, the wake becomes narrower and consequently S and /  are 
increased while the drag is reduced.
The general formula for the natural frequency of an oscillating 
system is
N  =  i -  yJK/m  (11)
.«ai
where K  is the “ spring constant” (the force of restitution per 
unit displacement) and m is the mass.*
If  the cylinder is an elastic cantilever (as a periscope or a smoke 
stack), or a cable under tension, the appropriate expression for K  
is substituted in Eq. (11) to obtain the natural frequency N.
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If the variation of the periodic lateral force between —L and 
-|-L is assumed harmonic, and if damping (structural and viscous) 
is assumed negligible, the amplitude theoretically producible in 
forced vibrations is
L /K
« =  !  _  {f / N y  ^
If damping (assumed viscous) is taken into account, the damping 
vector is simply added to the denominator of Eq. (12) and the 
formula for amplitude becomes
L /K
(13)
where c is the damping coefficient (damping force per unit linear 
velocity), cc is the critical damping ( — K /nN ),  and the non- 
dimensional ratio c/cc is the damping ratio or rate of damping 
(logarithmic decrement) per radian (c/c0 =  8/2ir). At resonance 
(/ =  N), Eq. (13) yields, with sufficient accuracy, the maximum 
attainable amplitude :
L /K
2c/Cc 2jt cN
A typical graph of Eq. (13) is shown in Fig. 4 
c/co =  0.15).
(14) 
(drawn for
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F i g . 4— A m p l it u d e s  o p  F o r c ed  V i b r a t io n s  ( w i t h  D a m p i n g ) S h o w i n g  
G r a p h i c  Co r r e c t io n  f o r  A m p l i f i c a t i o n  o f  V o r t e x  T r a il .
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Upon substituting for L  and /  their changing values in terms 
of the values L 0 and /„ at zero amplitude, Eq. (12) becomes
\ q  N )
(15)
where q is the amplification ratio defined by Eq. (9). The damping 
vector may be added to the denominator of Eq. (15), as in Eq. 
(13). The solution of Eq. (15) yields the limiting “ steady state” 
amplitude and frequency for a given initial value of f J N .  For 
convenience of numerical or graphical solution, Eqs. (15) and (9) 
may be rewritten as a pair of simultaneous equations:
1 _  ( f /N ) 2 (16)'
a ±
qa0
a h
qa0 ~ 2*o V UN) (17;
where a0 =  L J K .  Eq. (16) is represented by the well known graph 
of relative amplitudes in forced vibrations (corrected for damping, 
if desired, as in Fig. 4), and Eq. (17) is represented by a series 
of converging straight lines. These inclined lines of varying s'ope 
replace the vertical ordinates. The points of intersection of the 
straight lines with the curve yield the limiting amplitudes and 
the corresponding terminal values of f /N .
The w riter’s graphic solution is illustrated in Fig. 4, and the 
computed results for a typical example are plotted in Fig. 5. Fig. 
5 is a transformed projection of Fig. 4. The converging inclined 
ordinates become parallel vertical ordinates, and each ordinate is 
multiplied by its respective value of qan.
Referring to Fig. 4, for f J N  at A, the termination of amplifica­
tion is at B. For f J N  at C, the termination of amplification is at 
D, unless the opposing range BE is passed, in which case the upper 
limit of amplification is at F. The same relations are represented 
in Fig. 5, where BF and DD are the stable steady states and EE 
is the unstable steady state.
The foregoing analysis, as a first approximation, partly explains 
recorded test results. Meier-Windhorst (1939) found the critical 
range, for hydrodynamic oscillations of circular cylinders, extend­
ing from f 0/N  =  0.95 to an average value of 1.48, with an abrupt
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vertical drop in the amplitudes at the end of the critical range. 
In tests on a towed cylinder at the Taylor Model Basin (1945), the 
critical range extended from f 0/N  =  1 to 1.8, with maximum am­
plitudes at 1.44. In the numerical example of Fig. 5, the critical 
range extends from f u/N  =  1 to about 1.8, with maximum ampli­
tudes (and an abrupt vertical drop) at 1.47. (Note: f 0/N  is iden­
tical with V /V r, where V r is the resonant velocity.)
Relative Frequency fo/N 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Stream Velocity in fps 
Fig. 5— A m p l it u d e -R e s p o n s e  Gr a p h  f o r  O s c il l a t in g  C y l in d e r  b y  
V o r t e x  T h e o r y .
The tests of Meier-Windhorst at the Hydraulic Institute at 
Munich (1939) on hydrodynamic oscillations of cylinders yield 
sharply defined results for three ranges of the flow velocity:
1. Low velocity range.
2. Critical range.
3. High velocity range.
The numerical results expressed as dimensionless ratios or para­
meters (a/d, f /N , V/Nd)  are found to be independent of the spring 
constant K  and the cylinder diameter d but depend only upon 
the density of the cylinder (relative to the fluid) and the damp­
ing, also upon the Reynolds number R if it affects the flow pattern 
sufficiently to change the Strouhal number S.
With damping, the critical range shrinks, the amplitudes are
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reduced, the abrupt rise at V r is replaced by a curving slope, the 
maximum amplitudes occur at or near the abrupt end ("Pi ) of the 
critical range, and the upper range (above ) vanishes or is 
reduced to a mere flutter.
In  these vortex-induced oscillations, there is no “ catastrophic 
range” of increasing amplification with unlimited increase of 
stream velocity. The greatest amplitude attainable is little more 
than the diameter, and may occur only in a limited critical range 
just above the resonance velocity.
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P ig . 6— D rag  o f  C ir c u l a r  Cy l in d e r  w i t h  V a r io u s  G u id e  V a n e s  ( S h o w in g  
I n c r e a s e  o f  D rag  b y  O s c i l l a t i o n s ) .
E f f e c t  o f  G u id e  V a n e s  o n  t h e  V ib r a t io n  o f  a  T o w ed  Cy l in d e r
Recent experiments (1945) at the David Taylor Model Basin 
show that the lateral vibrations of a towed circular cylinder (such
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as a submarine periscope) can be reduced or eliminated, at the 
same time reducing drag, by attaching a pair of rigid guide vanes, 
one on each side, and extending the length of the cylinder (Fig. 6). 
The guide vanes were separated from the sides of the 1% 6-inch 
cylinder by washers %0-inch thick, and extended about 1 or 2 
inches rearward from the normal diameter. When the guide vanes 
were closed at the trailing edge, the drag was increased and some 
vibration of the cylinder remained; but with openings from 0.2 
to 1.14 inches (the last representing parallel flat-plate fins), the 
vibration of the cylinder was largely or entirely eliminated.
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F ig . 7— S t a b l e  a n d  U n s t a b l e  S e c t i o n s .
The drag was found to vary with the amount of opening between 
the guide vanes at the trailing edge, and the optimum opening for 
reducing drag was approximately equal to the diameter of the 
cylinder. The drag was further reduced when the leading edge of 
the curving guide vanes extended 45 degrees forward of the trans-
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verse diameter; this design reduced the drag to one-half the drag 
of the original cylinder.
S e l f - E x c it e d  O sc il l a t io n s . The self-excited oscillations of shapes 
or sections of relatively narrow width are first considered. This 
is the problem typified by the “ galloping” of ice-coated trans­
mission lines.
Certain shapes or sections, when exposed to a steady wind (or 
other steady fluid flow), will build up rapidly amplifying oscilla­
tions which, oddly enough, are transverse to the wind. Such shapes 
are called unstable sections. Examples (Fig. 7) are a half-round 
with flat face toward the wind, a T-section with head toward the 
wind, a flat vertical plate, a deep H-section, a deep U-section, etc. 
The amplification is produced by drawing energy from the wind. 
The oscillation frequency is the natural frequency of the oscillating 
system, and is independent of the wind velocity. Any increase in 
wind velocity increases the amplification. At high wind velocity, 
the oscillation may become “ catastrophic” .
It is important to note that these self-excited oscillations are 
always transverse to the direction of the fluid flow. Oscillations 
in the direction of the flow are damped.
An effective demonstration is provided by mounting the section 
model between light springs. When the steady wind from a fan 
or blower is applied, the slightest vibration, even an imperceptible 
tremor, is rapidly amplified to a violent oscillation of maximum 
amplitude.
The “ Steinman pendulum” affords another striking demonstra­
tion. The section model is mounted vertically on a rigid pendulum 
rod suspended from an axis parallel to the wind. The oscillations, 
initiated seemingly from a state of rest, are soon built up to pen­
dulum swings of startling magnitude.
A still more instructive demonstration is the “ Lanchester tour- 
billon” . I f  the section model of an unstable section is pivoted at 
the center and mounted as a pitehless propeller, exposure to the 
head-on breeze of an electric fan will develop a rapidly accelerated 
spin in a direction opposite to the- spin of the fan.
The distinguishing feature of unstable sections, as illustrated 
by the Lanchester pinwheel, is the reversed direction of the re­
sultant. An upward inclined fluid flow against the stationary sec­
tion will produce a downward resultant. Any section having this
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hydrodynamic characteristic is an unstable section.
On the other hand, certain other shapes or sections, when similar­
ly mounted with spring or pendulum to permit transverse oscilla­
tion, will not be set into amplified oscillation by exposure to a 
steady wind or other steady fluid flow. Any imposed initial oscilla­
tion will be damped. Such shapes are aerodynamically stable 
sections. Examples are a half-round with convex side toward the 
wind, a T-section with stem toward the wind, a horizontal flat plate, 
a shallow H-section, a shallow U-section, or any streamlined or 
airfoil section (Fig. 7). Any of these sections, when mounted as 
a pitchless propeller and exposed to the head-on breeze of an 
electric fan, will develop a normal uniform spin in the same direc­
tion as the spin of the fan. If  the wind is without spin, the pitch- 
less propeller will not be self-starting, and any rotation artificially 
imparted to the propeller will be brought to rest by the wind. The 
distinguishing feature of stable sections is that an upward inclined 
fluid flow against the stationary section will produce an upward 
resultant.
In the case of these elementary sections, downward motion of 
the section compounded with horizontal flow of the fluid produces 
a relatively upward angle of incidence. Hence an unstable section 
is subjected to a downward resultant whenever the section is mov­
ing down and an upward resultant whenever the section is moving 
u p ; hence the oscillation is amplified. The amplifying force is thus 
created and controlled by the oscillation, so that it is automatically 
synchronous with the oscillation, always in the same direction as 
the oscillation, and in perfect phase with the oscillation velocity.
Ice coating on transmission lines tends to form a vertically 
elongated section which belongs to the unstable category (Fig. 7). 
This explains the violent oscillations or “ galloping” of such lines 
in high wind, with potential amplitudes of destructive magnitude. 
Vertical motions of 20 feet have been recorded. Various damping 
devices have been developed to reduce or prevent such oscillations.
W in d -T u n n e l  T est s
A convenient scientific method of determining the aerodynamic 
characteristics of a section, including its classification and behavior 
as a stable or unstable section, is by means of wind-tunnel tests. 
In a static wind-tunnel test, the section model is held stationary,
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at successive angles of incidence. The aerodynamic reactions are 
lift, drag, and moment of lift. By plotting the dimensionless co­
efficients CL, Cd, and CM against angle of incidence, one obtains 
the static lift, drag and moment (or torque) graphs, respectively 
(Fig. 8).
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F ig . 8— D rag , L i f t , a n d  T o r q u e  G r a p h s  f o r  H - S e o t i o n s .
The slope of the static lift graph determines the vertical stability 
or instability of the section. A static lift graph with a central 
range of positive slope identifies an aerodynamically stable section. 
The steeper this positive slope, the greater will be the vertical 
stability of the section. A static lift graph with a central range 
of negative slope identifies an aerodynamically unstable section. 
The steeper the negative slope, the greater will be the vertical in­
stability of the section.
Similar relations of the static moment graph determine the 
angular stability or instability of wider sections.
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A er o d y n a m ic  I n s t a b il it y  of  W ide S e c t io n s
This is the problem of the aerodynamic instability of flexible 
bridge spans, flexible towers, and other structures.
On November 7, 1940, the profession was startled by the Tacoma 
Narrows Bridge catastrophe. Four months after its completion, 
the graceful 2800-foot span (the third longest in the world), built 
at a cost of $6,400,000, was destroyed by cumulative amplification 
of oscillations in a mild gale (Figs. 9, 10). The phenomenon was
TA CO MA  K A M O W K  BBIIK1B IN  V tO I .B X T  W A VK MI IT KI N A
F i g . 9— Ca t a s t r o p h i c  T o r s io n a l  O s c i l l a t io n s  o f  T a c o m a  N a r r o w s  B r id g e .
not new, but had been forgotten by the profession. A century 
earlier, bridge after bridge had been similarly wrecked by wind 
action, notably the Brighton Chain Pier in England in 1836, the 
Wheeling Bridge over the Ohio River in 1854, the Lewiston- 
Queenston Bridge over Niagara River in 1864, and the Niagara- 
Clifton Bridge at Niagara Falls in 1889. John A. Roebling taught 
the profession the importance of adequate stiffening of suspension 
spans; his bridges stood up while those built by his contemporaries 
were wrecked by the wind. But a later generation of engineers, 
forgetting the lesson of the past, began to preach the virtues of 
flexibility without recalling its hazards. This reversal of trend
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reached its climax in the ill-fated Tacoma span. In fact, ten or 
more known bridges completed since 1930 have been subject to 
disturbing aerodynamic oscillations, and some of them have re­
quired the application of corrective measures. In 1945 a contract 
of over $1,300,000 was let for additional stiffening and correction 
of the 2300-foot span of the Bronx-Whitestone bridge; the George 
Washington Bridge is admitted to have aerodynamic oscillation 
amplitudes of 5 or 6 feet; and automatic recording devices have 
now been installed to study and measure the previously reported 
aerodynamic oscillations of the world’s longest span, the Golden 
Gate Bridge.
F ig . 10— A e r o d y n a m ic  D e s t r u c t i o n  o f  t h e  T a c o m a  N a r r o w s  B r id g e .
A complete, scientific solution of this challenging problem is 
urgently needed. The complete solution must be one that will en­
able engineers to predict, prescribe, and design—so as to provide 
assured safety of existing and future structures without extrava­
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gant design or clumsy proportions and without requiring repeated 
recourse to costly and time-consuming model tests.
The problem is properly and logically separable into two parts:
1. The Solid Mechanics Problem: To determine (predictively) 
the normal modes and natural frequencies of potential oscillations, 
and the amplification producible by any given energy input.
2. The Fluid Mechanics Problem: To determine the net energy 
transfer from a given steady fluid flow to a specified oscillating 
boundary surface, and to devise forms of boundary profile that will 
minimize or reverse the energy transfer.
The solid mechanics phase of the problem is comparatively easy. 
All parts of it are readily answered by known elementary relations 
expressed in the simplest formulas. Unfortunately much valuable 
time and effort have been misdirected by investigators to this part 
of the problem, in costly experimentation and in voluminous and 
needlessly formidable mathematical analysis, to the neglect of the 
more basically important and more difficult part of the study—the 
hydrodynamics problem.
The fluid mechanics phase of the problem is challenging. I t  in­
volves not only new and illuminating applications of known con­
cepts, but also the extension of the field to the exploration and 
establishment of new relations and new concepts. To say that the 
problem is too complicated for scientific formulation and predictive­
ly valid solution is not helpful. Because the problem must be solved, 
the writer has outlined and developed a tentative practical solution 
that appears to have high validity when checked against known 
observations and test results. At the same time the writer fully 
recognizes the limitations of his resources and facilities, and that 
is why he welcomes this opportunity to present the problem to 
the leaders in hydrodynamic science in the hope of enlisting their 
interest and their aid.
E f f e c t  of  P h a s e  D if f e r e n c e
In  comparison with the elementary sections previously discussed, 
the new feature introduced with the wider sections is the time re­
quired for the fluid flow, or for any disturbance in the fluid flow, 
to traverse the width of the section. This introduces a new factor 
— phase difference. A flow disturbance, initiated at the leading 
edge, takes time to traverse the width and encounters a progressive­
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ly increasing difference of phase as it traverses the oscillating 
section. As different points of the width are reached, different stages 
of the cycle of oscillation are encountered, including differences of 
velocity and even differences of direction of motion.
To cover all cases, a general expression for energy input per 
cycle is
A MV —  k P a  cos cp (18)
where cp is the phase difference between amplifying force and 
velocity of displacement. The multiplier cos cp is the correction 
factor in multiplying two vectors differing by the angle cp in di­
rection or phase (illustrated by the power factor applied to the 
product of volts by amperes in alternating current).
In the wider sections now under consideration, if the horizontal 
fluid flow is at high velocity so as to make the phase difference across 
the width of the section relatively negligible, the same governing 
relations will obtain as in the elementary sections of narrow width. 
An unstable section will be subjected to a downward resultant 
whenever it is moving down and an upward resultant whenever 
it is moving up. Amplifying force will be in phase with velocity 
of displacement, yielding a maximum value for energy input 
(cp =  0 in Eq. 18). This high velocity range in which the phase 
difference becomes negligible has no upper limit and is therefore 
called the catastrophic range. In the same high velocity range 
(cp negligible) a stable section will be subjected to an upward re­
sultant whenever it is moving down and a downward resultant when­
ever it is moving up. The energy input will be negative (P  negative 
in Eq. 18), so that any oscillations will be damped.
Hence there is one vitally important difference between stable 
and unstable sections, namely: A  basically unstable section will 
have an upper critical range that is unlimited, and therefore poten­
tially catastrophic.
Both categories of sections, however, have lower critical ranges 
of minor potential instability (Pig. 11). Since qp varies across the 
width of the section, from zero at or near the leading edge, where 
the aerodynamic disturbance is initiated, to a maximum at the 
trailing edge, the total energy input over the section is obtained 
by integrating the expression of Eq. (18) over the entire width. 
If  the positive contributions of AW (representing energy input)
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dominate in the summation, the section will be unstable. If  the 
negative contributions of AW (representing energy withdrawn) 
dominate in the summation, the section will be stable.
Accordingly, the stability or instability of a section depends not
Critical R anges For a  S tab le  Section 
F i g . 11 — Cr it ic a l  R a n g e s  f o r  S t a b l e  a n d  U n s t a b l e  S e c t i o n s .
only upon the shape and proportions of the section but also upon 
a function of the wind velocity V. The over-all phase difference 
across the section, i.e., the fraction or multiple of a cycle required 
to traverse the width of the section, is
where V  is the horizontal velocity of the fluid flow, N  is the fre­
quency of the oscillations, and b is the width of the section. (Com­
pare the Strouhal number, S.) Reciprocally, V/Nb  is the fraction 
or multiple of the width traversed per cycle. I t  is a convenient 
dimensionless ratio, commonly termed the reduced velocity. The
Critical R anges For a n  Unstable Section
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writer refers to it as the velocity ratio. All critical velocities and 
critical ranges of velocity are expressed in terms of V/Nb. A 
critical value of V/Nb  marks the lower limit of the catastrophic 
range (Fig. 11).
As affecting the velocity ratio V/Nb, infinite V  or zero N  repre­
sents the same limiting case of zero phase difference. This explains 
why stability or instability at very high fluid velocity V  corresponds 
directly to stability or instability as given by the wind-tunnel test 
on a stationary model (zero N).
The foregoing relations and conclusions, derived analytically and 
verified by tests, have now been confirmed experimentally by other 
investigators.
A n g u l a r  S t a b il it y  a n d  I n s t a b il it y
When we pass from the elementary sections of narrow width to 
wider sections, such as H-sections having the proportionate ratios 
of actual bridge cross-sections, their potential torsioruil instability 
should be considered as well as their vertical instability. The fore­
going classification is simply extended, as indicated in Fig. 12. A
' 7
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F ig . 12— L i f t  R e s u l t a n t s  p o r  T h r e e  C a t e g o r ie s  o p  A e r o d y n a m ic  S t a b i l i t y .
wind inclined upward, represented by R, may produce a resultant 
lift represented by L x, L 2, or L 3, corresponding to three different 
categories of instability, as follows: L 1 (the ideal case) vertically 
and torsionally stable; L2 (the most common case) vertically stable 
but torsionally unstable; and Lz (the least common case) vertically 
and torsionally unstable. The proportions of the section (using 
the ratio of depth d to width b in the case of solid-web H-sections 
and the reduced ratio of the equivalent H-section in the case of 
open-web sections) determine the category of stability: L 1 for d/b 
<  0.06, L 2 for d/b =  0.06 to 0.24, and L z for d/b  >  0.24.
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The static wind-tunnel graphs (Fig. 8) will yield the same class­
ification: L x, positive slope of lift graph and of torque graph; L 2, 
positive slope of lift graph but negative slope of torque graph; and 
L 3, negative slope of both lift graph and torque graph. These class­
ifications determine the basic stability or instability of the section 
with respect to vertical and torsional oscillations.
F ie l d  op  F l o w  as A f f e c t e d  by  O s c il l a t in g  B o u n d a r y  S u r fa c e
The motion of the boundary surface may be translated into a 
relative tilt or distortion of the flow lines in the fluid, or into a 
relative tilt or distortion of the boundary surface, so that in either 
case the boundary surface may then be treated as stationary during 
an element of time.
For parallel vertical motion of the 
boundary surface with downward vel­
ocity v, the horizontal flow lines in the 
fluid are simply tilted up to a positive 
angle of incidence v/V .  The graphic 
representation (Fig. 13) consists of the 
simple composition of horizontal flow 
lines with spacing 1 /V  and relative 
(upward) vertical flow lines with spac­
ing 1/v. Instead of tilting the hori- F l ° -  1 3 — T i l t i n g  o f  F i e l d  o f
zontal flow lines upward, an equivalent Flow for Vertical Motion 
i  • i i n o f  S e c t i o n .procedure is to tilt the boundary sur­
face downward the same angle v /V ;  this is also given (Fig. 13) by 
the graphic composition of the same superimposed flow lines with the 
direction of the vertical lines reversed. The relatively tilted posi­
tion of the boundary surface corresponds to the static wind-tunnel 
test with horizontal fluid flow against the tilted model.
When the same procedure is applied to angular motion of the 
boundary surface, interesting new results are obtained. The graphic 
representation (Fig. 14) consists of the graphic composition of the 
horizontal flow lines with spacing 1 /V  and a series of concentric 
circular flow lines with graduated spacing b/2rv, where v is the 
linear downward velocity at the leading edge. This graphic com­
position yields a series of concentric curvilinear lines, convex up­
ward, with radius bV/ 2v. In  other words, the angular motion of 
the boundary surface may be translated into a curved field of flow,
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as in an arching channel or an arching wind tunnel, with the 
immersed boundary surface kept stationary and unchanged. In ­
stead of curving the field of flow, an equivalent procedure is to
curve the immersed boundary 
surface an equal and opposite 
amount, that is, with the same 
radius of curvature reversed. This 
is also given (Fig. 14) by the 
graphic composition of the same 
superimposed flow lines with the 
direction of the circular flow lines 
reversed. The equivalent warping 
of the immersed boundary sur­
face is symmetrical about the 
center of angular rotation with 
horizontal tangent at this center 
and with angle change v /V  at 
each end. For the horizontal flowF i g .  1 4 — C u r v i n g  o f  F i e l d  o f  F l o w  
f o r  A n g u i . a r  M o t i o n  o f  S e c t i o n . lines, the angle of incidence at
the leading edge remains v/V .
For accurate wind-tunnel duplication of this condition, the sec­
tion model would have to be warped to ‘the curvature indicated 
above, with the chord kept horizontal and the curvature varying 
with the desired angle of incidence at the leading edge. To the 
w riter’s knowledge, no such wind-tunnel tests have as yet been 
made. The results would yield additional data for the analysis 
of torsional instability, permitting that analysis to be brought to 
greater finality.
In  the absence of such wind-tunnel tests on warped section 
models, the writer has based his analysis on the static torque graphs 
obtained from unwarped section models. Qualitatively, the results 
and conclusions would be substantially unchanged, since the major 
disturbance of the incident stream flow is determined by the angle 
of incidence at the leading girder. Quantitatively, the correction 
from straight section model to curved section model should be in 
the direction of intensifying the instability torque, since the curv­
ing of the model tends to shift the positive pressure resultant far­
ther from the center of rotation.
The concept of warping the boundary surface to represent an­
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gular oscillation readily explains the torsional stability of flat 
plates (Fig. 15). Horizontal flow against a warped horizontal plate 
(concave upward) obviously produces a stabilizing torque (upward 
at the leading edge, when the leading edge is moving downward). 
This also applies to shallow H-sections.
The same representation also readily shows how a central open­
ing or gap (as in the present deck of the George Washington 
Bridge) would improve the torsional stability of a flat plate by 
increasing the lever arms of the stabilizing resultants.
M , M i
1 Ï T p -
L , L
Stability of Flat Plate Stability of
Interrupted Flat Plate
Lj> f i/
1 v /<-z
Two H -Sections in Line Two Deep H-Sections in Line 
(Torsionally Stable) (Torsionally Unstable)
F i g . 15— T o r s io n a l  S t a b i l i t y  E x p l a in e d  b y  E q u iv a l e n t  W a r p e d  S e c t i o n s .
The same representation also readily explains the pronounced 
torsional stability of a section composed of two H-sections in line 
with an open gap between them. The upward resultant on the first 
H-section and the downward resultant on the second H-section are 
on opposite sides of the combined center of rotation and therefore 
produce a strong stabilizing torque. If, however, the two H-sections 
are deep (d/b >  0.24), the two lift resultants are reversed and 
torsional instability is obtained (Fig. 15).
Any representation that facilitates visualization and explanation 
also facilitates prediction and inventive solution.
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P r e ssu r e  V a r ia t io n  A lo n g  t h e  B o u n d a r y  S u r fa c e
The only dependable way at present for plotting the curves of 
pressure distribution is to obtain them experimentally by mano­
meter readings in wind-tunnel 
tests. Such graphs, plotted 
from tests secured for the 
writer by Dr. Hunter Rouse 
at the Iowa Institute of Hy­
draulic Research, are shown in 
Figs. 16 and 17. The integra­
tion or algebraic summation of 
the pressures over the total 
width b gives the positive or 
negative lift L, which should 
check the value given by the 
static lift graph (after correct­
ing for the drag component). 
Similarly the integration or algebraic summation of the moments 
of these pressures about the center of rotation gives the positive 
or negative torque M, which should check the value given by the 
static moment graph. The pressure distribution is needed for the 
phase difference correction
P r e v e n t io n  a n d  C u r e  of 
A er o d y n a m ic  I n s t a b il it y
The principal lines of at­
tack for securing or im­
proving aerodynamic sta­
bility are:
1. To augment the rig­
idity of the structure.
2. To augment the posi­
tive damping.
3. To modify the cross 
section.
Almost any method of in­
creasing rigidity is also di­
rectly effective in augment­
ing structural damping.
i.
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P i g . 17— A e r o d y n a m ic  P r e s s u r e  D i s t r i b u ­
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F i g .  16— A e r o d y n a m i c  P r e s s u r e  D i s ­
t r i b u t i o n  o n  H - S e c t i o n  
(d /b  =  0.16).
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Rigidity and structural damping to resist potential aerodynamic 
instability, both vertical and torsional, may be augmented, in pre­
calculated amounts, by using: deeper stiffening girders or trusses; 
cable stays (Fig. 18), tower 
stays, center stays (Fig. 19), 
and intermediate stays (Fig.
20); continuous construc­
tion; and straight backstays.
In addition, rigidity and 
structural damping to resist 
potential torsional instabil­
ity may be augmented in 
precalculated amounts b y : 
using transverse diagonal 
stays (Fig. 21); installing a 
double (top and bottom) 
system of lateral bracing; 
increasing the torsional stiff­
ness of the towers; raising 
the points of suspender connection; and lowering the center of 
gravity of the section (for example, by using through construction).
Aerodynamic instability is proportional to \ /B /K ,  where B is 
a width factor (b2/ w ), a reduced form of the density-mass ratio 
(Qb2/m ).  The value of B  is fairly constant for most suspension
bridges. For wide bridges, of 
normal or reduced weight per 
square foot, the value of B may 
be doubled, as in the Bronx- 
Whitestone Bridge, thereby 
adding 41% to the instability. 
Contrary to popular miscon­
ception (perhaps suggested by
F ig .  1 9 - M i d - S p a n  S t a y s  f o r  P r e -  t h e  n a m e  o f  t h e  b r i d g e  a n d  f o s - 
v e n t i n g  T o r s i o n a l  O s c i l l a t i o n s .  tered by hasty conclusions in
the initial official report), the 
narrowness of the Tacoma bridge was not the cause of its failure. 
If  the bridge had been wider, it would have been more vulnerable 
to aerodynamic action, with more rapid amplification and greater 
amplitudes; and its instability would have been more difficult to 
counteract or cure.
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The most direct method of securing adequate rigidity and struc­
tural damping is by providing adequate depth of stiffening trusses 
or girders. Experience to date indicates the hazard of making the 
truss or girder depth less than %00 of the span, unless aerodynamic 
stability is otherwise assured.
When the proposed new design of the Tacoma bridge (before 
roadway slots were added) was found to be torsionally unstable, 
model tests made by the writer showed that simple inversion of 
the section (to change it from deck to through construction) cured 
the instability, as predicted by his formulas.
Friction damping devices, by the w riter’s formulas, are helpful 
in resisting the initiation of oscillations but have little effect after 
any substantial amplitude is attained.
By increasing depth, rigidity, and bracing; by adding center 
stays, longitudinal diagonal stays, transverse diagonal stays, or 
other stays; and by introducing artificial damping devices, resist­
ance to aerodynamic instability may be built up to any desired 
amount. These methods resist or check the effects, but do not 
eliminate the cause.
The more scientific attack is the application of hydrodynamic
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F ig . 21 — T r a n s v e r s e  D ia g o n a l  S t a y s  f o r  P r e v e n t in g  T o r s io n a l  
O s c i l l a t i o n s .
principles and methods to the selection or modification of the cross- 
section so as to minimize or eliminate any potential vulnerability.
The slopes of the lift and torque graphs are a measure of the 
potential instability. The curvature of the lift graph or torque 
graph affects or determines the limiting amplitudes by determining 
the reduction of mean effective slope with increasing amplitude. 
The static wind-tunnel graphs for any section are thus a means 
of diagnosis, prediction, and prescription.
1/ ____________ II
F i g . 2 2 — S t a b l e  S e c t i o n  b y  U s e  o f  O p e n  S l o t s .
By providing open slots at predetermined points of the roadway 
width (Fig. 22), the aerodynamic forces causing amplification of 
oscillations can be eliminated or materially reduced. The opening 
of these lateral areas definitely reduces the net aerodynamic
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instability and may eliminate it. The w riter’s model tests in 1940 
demonstrated that aerodynamic stability may be secured by open­
ing lateral areas. Slotted openings have now been adopted in the 
final design of the new Tacoma span, also in the current recon­
struction of the Bronx-Whitestone Bridge.
That aerodynamic stability or instability of a section is a func­
tion of the form and proportions of the section and can be con­
trolled by providing suitably located and proportioned openings 
in the horizontal width of the section, is now a demonstrated fact. 
Bridge cross sections can be devised or modified to produce assured 
aerodynamic stability.
By the various means of stiffening and bracing, resistance to the 
effects of aerodynamic instability may be built up. By scientific 
design of the cross section, applying hydrodynamic findings and 
concepts, the cause of instability can be largely or entirely elimin­
ated. The one line of attack places the emphasis on providing in­
creased resistance to a dangerous inherent characteristic; the other 
aims to avoid or eliminate the dangerous characteristic.
I t  is more scientific to eliminate the cause than to build up the 
structure to resist the effect. The fluid mechanics phase of the 
problem is the real challenge to engineers and scientists.
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ADVANCEMENTS IN THE STUDY OP UNDERWATER 
PHENOMENA
Session Chairman: K. E. S c h o e n h e r r  
Dean of Engineering, University of Notre Dame
I nt r o d u c to r y  R e m a r k s
In this session two papers will be presented, one by Dr. James 
W. Daily on “ The Water Tunnel as a Tool in Hydraulic Research” 
and one by Dr. John S. McNown on “ Pressure Distribution and 
Cavitation on Submerged Boundaries. ’ ’
Professor Rouse in his paper brought out that at relatively low 
velocities, the flow pattern around a solid body completely sub­
merged in the fluid medium is the same whether the medium is 
air or water. At relatively high velocities, however, this is no more 
the case. When the velocity in air approaches the speed of sound, 
an entirely different flow pattern is formed, and when the velocity 
in water reaches a value at which the local pressure on the surface 
of the body approaches the vapor pressure of the medium, dis­
ruption occurs and streamline flow no longer prevails. The latter 
phenomenon is appropriately called cavitation, since at the point 
of disruption vapor-filled cavities are formed which persist for a 
short time interval and then collapse.
The occurrence of cavitation is highly undesirable, causing re­
duction in efficiency, abnormal increase in rpm, erosion of the 
surfaces, and noise. I t  is highly important, therefore, to the de­
signer of hydraulic machinery to know exactly how far he may 
go in the matter of speed without engendering serious cavitation.
The history of cavitation may not be familiar to hydraulic 
engineers and may be worthy of brief discussion. Cavitation first 
came to the attention of engineers in connection with the speed 
trials of the British torpedoboat DARING in 1896. This vessel was 
designed for a speed of 27 knots, but on her first trial reached only 
24 knots with the engines wide open. To explain this disappointing
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result, Mr. Sidney W. Bamaby, chief engineer of the DARING’S 
builders, postulated that, as a result of high speed and loading of 
the propeller blades, the overlying hydraulic head was insufficient 
to feed the water to the propellers and cavities were formed. Pro­
ceeding on this assumption, new propellers with much greater 
blade area were designed and the vessel easily reached the designed 
speed in subsequent trials.
Although Mr. Barnaby’s explanation was stated in somewhat 
crude terms, it was remarkably accurate. A more precise explana­
tion based 011 Bernoulli’s Theorem is briefly as follows: For flow 
through a Venturi at Section 1 of cross-section area A, and Section
2 with a much smaller cross-section area A„, F ,, and V2 are the cor­
responding velocities and p1 and p2 the corresponding pressures at 
the two sections. From Bernoulli’s Theorem :
p ,  =  Pi — -§- (TV -  Vj2)
where ç is the density of the medium. Now, cavitation at Section
2 will occur when p2 becomes equal to the vapor pressure pv of the 
medium. For the inception of cavitation, the equation can there­
fore be written :
2
or :
5 (TV -TV ) = P 1 —  Pv
{V JV i) Pi —  PvQV*/2
It will be noticed that the term on the right-hand side of this equa­
tion depends only on the prevailing hydrostatic pressure at the 
reference Section 1, the vapor pressure of the medium, and the 
speed of the flow at Section 1 ; that is, it depends on operating 
conditions which are entirely independent of the peculiarities of 
the hydraulic machine under consideration. The term 011 the left- 
hand side of the equation on the other hand depends principally 
on the geometrical configuration of the machine. Thus, for instance, 
in the case of the Venturi, we can write :
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whence:
P i — Pv
H d i - ’ i
Inserting numerical values, we find that when p 1 is atmospheric 
pressure and the ratio of the diameters of Sections 1 and 2 is 2:1, 
cavitation at the throat of the Venturi occurs when the approach 
speed is approximately 12 feet per second.
This simple analysis can also be applied in mere complicated 
cases. I f  the ratio ~VJV1 for a given case is known or can be 
estimated, the speed at which cavitation occurs can be calculated.
In most cases it is impossible, however, to predict the value 
V J V 1 and it must be determined experimentally. It should be 
noted that this unknown is a non-dimensional lat'o, and may be 
determined just as well on a geometrically similar model as on the 
prototype. Such model tests are great y facilitated by an apparatus 
usually designated a Water Tunnel. In the papers to follow a com­
plete description of this apparatus and its use will be presented.
The idea of a Water Tunnel in which speed and pressure can 
be regulated at will was proposed at least as early as 1904 (for 
instance by Wagner) and some initial attempts were made at the 
construction of such a tunnel. Water Tunnels of the type we have 
today were not constructed, however, until about 1930, one at the 
U. S. Experimental Model Basin in Washington, D. C., the fore­
runner of the present David Taylor Model Basin, and the second 
one, at the Hamburg Model Basin in Germany. At the present time., 
there are a number of such tunnels in operation; one of them is 
in the laboratory of the Iowa Institute of Hydraulic Research. An 
opportunity will be given to see this tunnel in operation after the 
close of this session.
For future designers of such equipment, it will be extremely 
valuable to have complete descriptions of existing tunnels on 
record. I t is fortunate, therefore, that a paper is to be presented 
on this subject. The author is Dr. James W. Daily, who graduated 
from the Stanford School of Engineering in 1935, became a mem­
ber of the Hydraulic Machinery Laboratory at the California In ­
stitute of Technology in 1936 and was later its manager. From 1940 
on, he divided his time between teaching Hydraulics and acting as
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Hydraulic Engineer on the high-speed Water Tunnel. He is par­
ticularly qualified to discuss the role of the Water Tunnel in 
hydraulic design.
The second paper, on the determination of the pressure dis­
tribution on submerged boundaries, has been prepared by Dr. John 
S. McNown. Dr. McNown studied at the Universities of Kansas, 
Iowa, and Minnesota and obtained his doctorate from the latter 
institution in 1942. For five years, he was a member of the teach­
ing staff of the University of Minnesota and for a year was with 
the U. S. Navy Radio and Sound Laboratory on the West Coast. 
At present he is research engineer at the Iowa Institute of Hydrau­
lic Research.
During the past war when the writer was with the Taylor Model 
Basin, the staff was confronted almost continuously with new and 
unfamiliar problems. In one particular problem submitted to the 
Basin for solution, it was necessary to know the pressure distribu­
tion 011 submerged boundaries of special shape. No data were in 
existence and the test facilities at the Taylor Model Basin were 
already occupied to capacity. Fortunately, the Iowa Institute had 
just completed its water tunnel and was in a position to accept 
work under government contract. Negotiations were entered into 
and the cavitation studies in the Iowa water tunnel resulted. This 
is just one example of the successful solution of a problem resulting 
from cooperation between the government laboratories and the 
universities during the war. It is hoped that now that the war 
is over, this cooperation will continue.
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THE WATER TUNNEL AS A TOOL IN HYDRAULIC 
RESEARCH
J a m e s  W .  D a il y  
California Institute of Technology, Pasadena, California
I n t r o d u c t io n
The expanding scope of application of the water tunnel is 
largely the result of war research needs. Since the first known 
elementary water tunnel was used by Parsons in England in 1898 
to investigate propellers, its application has remained primarily 
in the field of ship propeller testing. Meanwhile, investigations of 
other submerged bodies and of most fundamental phenomena in 
fluid dynamics have been performed in the many wind tunnels 
throughout the world. Even the broad development in hydraulic 
laboratory techniques that accompanied 1he revival of interest in 
scientific hydraulic research during the last twenty-five years did 
not emphasize the water tunnel as a general tool. In the early 
stages of World War II, however, there was a shortage of equip­
ment in America, and apparently also abroad, to supply informa­
tion for underwater ballistics design. Additional facilities in which 
flow could be produced with cavitation, as well as without, were 
needed, and these preferably of a type suitable to more general 
application than the existing propeller tunnels.
As a result, there exists now, in addition to propeller testing 
tunnels, a limited number of water tunnels whose prime purpose 
is the investigation of flow about bodies in general. Two of these 
are in the United States, one at the University of Iowa, and one 
at the California Institute of Technology. This new practice with 
its additional techniques extends the foie the water tunnel is des­
tined to play in hydraulic research. Thus in the current period 
of reconversion, which applies to research objectives as well as pro­
duction objectives, a discussion of the present development of 
water-tunnel equipment and the possible scope of its application 
in peacetime is appropriate.
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W a t e r - T u n n e l  A p p a r a t u s  a n d  R e s e a r c h  T e c h n i q u e s  
Comparison of Water and Wind Tunnels
As with wind tunnels, two water-tunnel arrangements are pos­
sible: the open-circuit type and the closed-circuit, or return-flow, 
type. Practically, only the return-flow type, where pumps or pro­
pellers are used to circulate the flow through a closed loop, is im­
portant. Open circuits are practical only where large volumes of 
water under suitable head can be circulated through the device and 
wasted. The simplicity associated with the open-circuit wind tunnel, 
where air is drawn from the atmosphere and returned to the at­
mosphere, is difficult to duplicate for the water tunnel.
N o ix le  Fa ir ing
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F ig . 1— 1 2 "  P r o p e l l e r  T e s t i n g  W a t e r  T u n n e l  a t  t h e  D avid  W . T a y l o r
M o d e l  B a s i n .
Water-tunnel working sections, again like wind tunnels, can be 
of the “ open je t”  type or “ closed je t” type. In the “ open je t” 
type a jet discharges submerged into a water-filled chamber whose 
dimensions normal to the jet axis are somewhat larger than the
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jet thickness. After traveling a certain distance submerged, the 
jet water enters a “ gathering” nozzle and is conducted away. The 
body under test is supported in the jet. This arrangement is de­
signed to give a constant static pressure over the length of the
F ig . 2— 1 4 "  H i g h -S p e e d  W a t e r  T u n n e l  a t  t h e  Ca l if o r n ia  I n s t i t u t e  o f
T e c h n o l o g y .
working section. By contrast, in the “ closed je t” type the water 
merely flows through a tube of rectangular or circular cross section. 
The test body is again supported in the stream. This arrangement 
provides steadier flow conditions, but with an appreciable pressure 
drop in the direction of motion.
General Features of Typical Water Tunnels
Figs. 1 and 2 show two examples of closed-circuit water tunnels. 
Fig. 1 is a propeller testing tunnel at David Taylor Model Basin 
[1] which employs an “ open je t”  type working section. Water 
circulated in a clockwise direction by the impeller at the bottom 
of the loop approaches the working section at low velocity. I t  is
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accelerated in a nozzle and discharges as a submerged jet into the 
working section chamber. After traversing the length of the cham­
ber the jet enters an expanding nozzle followed by an expanding 
elbow- The water velocity is low again at the circulating impeller. 
A honeycomb flow straightener follows the impeller, and vanes 
turn the water in the elbow ahead of the working section. Two 
auxiliary components included are vacuum chambers for pressure 
control, and a filter to improve the water’s transparency. The 
propeller under test is seen supported in the jet on a shaft ex­
tending from a thrust and torque dynamometer.
Pig. 2 shows the “ closed je t” construction. This tunnel is at 
the California Institute of Technology and is designed for more 
general application. Water, circulated in a counterclockwise di­
rection, enters the cylindrical working section through a reducing 
nozzle and leaves through a conical diffuser. The test models, mis­
cellaneous body shapes, are supported in the closed stream on a 
spindle that may be connected to the force-measuring balance be­
low the working section. The long working section will accommo­
date a greater variety of bodies than the usual propeller tunnel. 
Guide vanes and honeycomb flow straighteners prevent eddies ahead 
of the working section. Although not shown in this drawing, means 
are provided for controlling the pressure and for cooling the circu­
lating water when the energy dissipation resulting from friction 
loss exceeds the radiation rate.
Basic Requirements of the Water-Tunnel Flow Circuit
Basically, the water tunnel is a device for simulating the con­
ditions of relative motion obtained when free bodies move in an 
infinite body of fluid. As developed to date it is used almost ex­
clusively under steady flow conditions. Several requirements of 
the flow circuit then follow. First, a uniform velocity distribution 
is necessary throughout the working section space to be occupied 
by the model. Second, provision must be made for maintaining 
steady flow in the working section and, while not absolutely neces­
sary, means of varying the flow velocity is a practical essential. 
Third, of course, some means must be provided for supporting the 
test model in place in such a manner that the support offers a 
minimum of “ interference” to the flow about the body. Fourth, 
the feature that distinguishes the water tunnel from the ordinary
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flume, and makes possible the most important applications, is the 
provision for controlling the pressure in the working section.
The method of obtaining a uniform velocity distribution in the 
working section is essentially the same for all tunnels. First an 
effort is made to assure a flow free from eddies in the approach 
section to the nozzle.' As already illustrated in Figs. 1 and 2, turn ­
ing vanes are used in the elbows of the circuit and honeycomb flow
P ig . 3— T y p i c a l  P l o w  S t r a i g h t e n i n g  “ H o n e y c o m b ” . T h e  T r ia n g u l a r
O p e n i n g s  a r e  a b o u t  1"  o n  a  S id e  a n d  t h e  L e n g t h  op  P a s s a g e  i s  1 2 " .
straightening vanes (Fig. 3) follow the pump and precede the 
working section [2], [3], [4], Second, the flow is accelerated just 
before it enters the working space. This produces a uniform axial 
velocity profile, such as the example in Fig. 4, and tends to mini­
mize the effect of possible turbulent eddies or flow angularities that 
do exist [5], [6 ].
Steady flow in the working section requires that complete stability 
of the flow in the water-tunnel circuit and within the circulating 
pump or propeller be met jointly. First, then, the circuit design 
must eliminate possible causes of unsteady conditions such as zones 
of eddy formation in the nozzles, diffusers, and elbows. Design of 
these items requires careful consideration of effects of turbulence, 
boundary layer growth, and even cavitation on flow separation. 
Actually, purely as a result of such instabilities, most tunnels are
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operated under conditions deemed “ satisfactory” , but which, in 
truth, do not give steady flow. Second, the pump must have a stable 
characteristic. Since this is obtained readily for pumps operating 
on a straight friction-loss load such as obtained in the water tunnel, 
constant flow velocity can be maintained if the pump speed is with­
out fluctuations. The synchronous motor is the simplest source of 
steady speed, but limits operation to a single flow velocity unless 
a variable-frequency source is available or the pump is of the 
adjustable-pitch-propeller or the adjustable-guide-vane type. In
F ig . 4— T y p ic a l  P r o f il e  o p  A x ia l  V e l o c it ie s  F o l l o w in g  a  N o z zl e  w i t h  a
6.2 t o  1 A r e a  E a t io .
practice, internal-combustion engines and various alternating- and 
direct-current electrical motor arrangements are used to obtain a 
range of speeds and flow velocities. Usually no special provisions 
are incorporated to control the speed, even though it is generally 
recognized that high accuracy requires some self-compensating 
speed control devices. Hydraulic governors for engines and various 
voltage- and field-current control devices for electric motors will 
maintain constant speed within relatively narrow tolerances. Cur­
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rent or voltage control regulated by comparison with, an oscillating 
quartz crystal or tuning fork will hold a motor speed to an accuracy 
of one tenth of one percent [7].
The provision for supporting the test model depends on the kind 
of model and the kind of information required. The axial shaft 
required for propellers is also useful for measuring the drag 
(thrust) on some other types of bodies. This arrangement is not 
satisfactory for all cases, because the spindle interferes with the 
flow in the wake of the body. When more than one component of 
the hydrodynamic forces are to be measured the model is usually 
supported from the side or bottom by struts or wires brought in 
normal to the flow. In  order that the flow about the free body be 
reproduced as faithfully as possible all supports must be “ stream­
lined” or surrounded by streamlined shields so as to disturb the 
flow as little as possible. An example of a streamlined support is 
shown in Fig. 5.
The water tunnel is well suited to tests of two-dimensional as well 
as three-dimensional bodies. With test units that span the working 
section from wall to wall the separate supporting strut is eliminated.
F ig . 5— T e s t  I n s t a l l a t i o n  S h o w i n g  S t r e a m l in e d  S h i e l d  A r o u n d  M o d e l  
S u p p o r t . T h e  Ch a n g e  i n  S h i e l d  D i m e n s i o n s  Co r r e s p o n d s  to  a  R e d u c t io n  
i n  D ia m e t e r  o f  S u p p o r t . H o r iz o n t a l  P l a t e  P r e v e n t s  L a t e r a l  C r o s s  
F l o w s  a t  J u n c t i o n . ( F l o w  L e f t  to  R i g h t .)
A system for regulating the tunnel pressure is necessary for 
cavitation investigations, but it is also important for experiments 
without cavitation. For example, in cases where a small tunnel 
model is to be tested at the prototype Reynolds number, relative 
velocities higher than for the prototype are usually necessary. This 
may require the static pressure in the flow to be increased above 
that encountered by the prototype, if cavitation is to be avoided.
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Any method of pressure control involves interposing some form of 
pressure increaser or reducer between the atmosphere and the tun­
nel circuit. Hydrostatic columns, centrifugal pumps, and vacuum 
pumps will provide a continuous pressure variation, and are em­
ployed in various combination in existing tunnels [1], [7], [8 ], In 
order to assure quick response to control changes in any hydraulic 
system it is necessary that the volume of water in the system circuit 
remain constant. Removal or addition of water, such as is necessary 
if control is by changing the water level in a constant-head tank 
or in an equalizer, requires a definite length of time and an un­
desirable lag in response. Best results arc obtained if the system 
is completely filled with water at all times.
The prerequisite to installing any pressure regulating system is 
a steady flow in the main tunnel circuit. Except for certain con­
trolled accelerations or decelerations, pressure variation caused by 
non-steady flow is not readily eliminated by an auxiliary regulat­
ing system.
Additional Requirements for Cavitation Tunnels
Satisfying the requirements for faithful reproduction of the 
relative flow about an unconfined body leads to two special eon-
■ ■
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P i g . 6— N o z z l e  i n  W h i c h  t h e  P r e s s u r e  A l o n g  t h e  W a l l  D r o p s  
Co n t in u o u s l y  i n  D ir e c t io n  o f  P l o w .
sidérations when working with cavitation. One is the importance 
of making certain that cavitation occurs on the test model before 
it appears at any other point in the tunnel. The other is the de­
sirability of controlling the amount of dissolved air in the water.
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Accidental cavitation in any of the circuit components will result 
in unsteady flow conditions, while cavitation in the entrance nozzle 
or on the supporting strut will interfere directly with the flow 
about the model. Furthermore, advanced cavitation in either the 
diffuser following the working section or in the circulating pump 
will put a limit on the range of pressure and velocity obtainable 
in the working section.
Nozzle cavitation can be eliminated if the pressure along the 
nozzle wall drops continuously in the direction of flow, so that the
F i g . 7— A d v a n c e d  Ca v it a t io n  o n  S t r e a m l in e d  B o d y . N o t e  S e v e r e  C a v it a t io n  
o n  S u p p o r t . W h i t e  S p e c k s  T h r o u g h o u t  F l o w  a r e  B u b b l e s  o f  R e l e a s e d  
A i r  R e -c ir c u l a t in g  T h r o u g h  T u n n e l . ( F l o w  R i g h t  to  L e f t .)
maximum velocity and lowest pressure both occur at the throat [9]. 
The example in Fig. 6 shows the proportions obtained for a 6.2 to 
1 area reduction. The absence of adverse pressure gradients also 
eliminates the possibility of flow separation for pressure ranges 
where cavitation is not a problem.
A similarly satisfactory design is needed for diffusers where 
cavitation originates in vortices formed when the flow separates 
from the diffuser wall. It is essential here to postpone separation 
until a large degree of pressure recovery is effected, an accomplish­
ment that is difficult in the presence of an adverse pressure gradient.
Any pump or propeller whose size is reasonably well fitted to 
the desired circulating rate will cavitate before most of the tunnel 
test models unless it is placed lower than the working section. 
Where extreme cavitation is to be produced in the working section 
a very large elevation difference may be necessary if pump cavita­
tion is not to be a limiting factor in the tests.
Cavitation will occur on a two-dimensional body sooner than on 
a body of revolution having the same profile in longitudinal cross- 
section. Thus, unless the support shield profile is very long relative
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to its thickness, cavitation will occur there before it appears on 
the better models. Fortunately, the same refinement is not neces­
sary for all applications. Fig. 7 shows, for example, advanced 
cavitation on a streamlined test body. Under the test conditions 
the shield also cavitates severely and offers serious interference 
to the flow. On the other hand, Fig. 8 shows that with a blunt body 
advanced cavitation can be produced before cavitation on the shield 
becomes excessive.
F ig . 8— C a v it a t o n  o n  a  S q u a r e  E n d  Cy l in d e r  w i t h  A x i s  P a r a l l e l  to  F l o w .
N o t e  S l ig h t  Ca v it a t io n  o n  S u p p o r t . ( F l o w  L e f t  to  R i g h t .)
As already mentioned, the separate support can be eliminated 
for two-dimensional tests. The resulting simplicity is shown in 
Fig. 9 by the photograph of cavitation on a cylinder spanning the 
full diameter of the working section. In the figure the upper photo­
graph shows an end view of the cylinder and the resulting “ two- 
dimensional ’ ’ cavity.
The dissolved air and other gases normally present in the circulat­
ing water are gradually released with a lowering of the tunnel 
pressure. Thus, under some conditions, “ cavitation” bubbles may 
appear at higher pressures or lower velocities than would be the 
case if the water were air free and the “ cavities” contained only 
water vapor instead of a mixture of air and vapor [10]. I f  the 
rate of release of air is high enough, the air may not re-dissolve, 
but rather accumulate and recirculate with the water through the 
working section. An example of the undesirable result is shown in 
Fig. 7. Without air-content control, measurements may show ap­
preciable inconsistencies. While techniques which rely on the 
assumption by the water of an equilibrium state of saturation after 
operating for some time at a given pressure have produced sur­
prisingly consistent results, cavitation research has reached the
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place where more positive control is needed. A basic investigation 
of cavitation phenomena should include ultimately experiments 
with water deaerated to the point that the effects of dissolved gases 
are completely negligible.
Instrumentation and Experimental Techniques as Affected 
by Applications
After providing for the reproduction of “ free stream” flow con­
ditions, actual use of the tunnel depends on the instrumentation, 
and the instruments, in turn, depend 011 the desired application.
One of the most important possibilities, the measurement of the 
hydrodynamic forces and moments acting on a body supported 
in the fluid stream, requires a “ balance” that will accurately re­
solve these forces and moments into the desired components and
F ig . 9— Ca v it a t io n  o n  a  C ir c u l a r  Cy l in d e r  C r o s s w i s e  to  F l o w . E n d  V i e w  
i n  U p p e r  P h o t o g r a p h , S id e , V i e w  i n  L o w e r . ( F l o w  R i g h t  t o  L e f t . )
will transmit them without error to some measuring system. In 
suspending or “ balancing” a model in the tunnel the use of a 
“ rig id” support is advantageous. In  this type the test model is 
fixed to one or more beams which extend through the tunnel wall. 
These beams, or spindles, are restrained from moving under the 
action of the hydrodynamic forces on the model by externally
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applied forces and couples. By orienting these restraining forces 
and couples so they act parallel to or about three mutually per­
pendicular axes, they can be made to correspond to any desired 
components of the hydrodynamic force system acting on the model.
The rigid beam has the advantage over wire suspensions in that 
it will take compression as well as tension, so that a counter weight 
system is unnecessary. In addition, orientation of the test model 
is fixed more accurately both because elastic deflections are less and 
because a balance of forces can be effected with less allowable 
motion of the model.
For many of the construction details of the water-tunnel balance 
it is possible to borrow from wind-tunnel practice. However, the 
special requirements of the water tunnel introduce some extra com­
plications. The most obvious of these is the necessity for a liquid 
seal where the supporting spindles pass through the tunnel wall. 
This seal should not interfere with the spindle motion over the 
slight range necessary during balancing. It is possible, of course,
F ig . 10— T e s t  I n s t a l l a t i o n  S h o w i n g  I m a g e  o f  S u p p o r t  S y s t e m . ( P l o w
R i g h t  to  L e f t . )
to submerge the entire balancing system and eliminate the seal, 
but with water this poses other undesirable problems.
Because of the greater fluid density, the absolute magnitudes of 
the forces on a given size model generally are higher in the water 
tunnel than in the wind tunnel. This necessitates larger support­
ing members and shields which, in turn, cause more interference 
with the flow around the model. An attempt to minimize this effect 
is shown by the example in Fig. 5. The single supporting “ spindle”
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of the Cal-Tech three-component balance is made with a large 
diameter to within a short distance of the model, where its size is 
reduced. This stepped spindle is surrounded by a shield consisting
F ig . 11— Ca l -T e c h  T h r e e -c o m p o n e n t  B a l a n c e  M o u n t e d  B e l o w  W o r k in g  
S e c t i o n . B a l a n c e  “ S p i n d l e ”  E x t e n d s  U p  V e r t ic a l l y  T h r o u g h  T u n n e l  
W a l l  to  S u p p o r t  T e s t  B o d y .
of two parts, a large streamlined section below and a smaller one 
above, with a plate between to prevent cross flow at the junction. 
The effects of interference and asymmetry of the flow, also caused 
by the supports, necessitate a correction. As for wind-tunnel work, 
it is the practice to approximate the true correction by obtaining 
measurements with and without an ‘ ‘ image ’ ’ of the support, system. 
Fig. 10 shows a model installed with the image shield in place.
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Reliable measurements require a considerable degree of refine­
ment of the balance apparatus. This is true whether measurements 
are to be made of one or all six components of the forces. For good 
accuracy it is necessary to have a sensitivity of a fraction of a 
pound in the measured forces. For example, the drag of a 2-ineh 
model of a well designed body at 70 feet per second may be of the 
order of 10 pounds. Two percent of this is only 0.20 pound. At 
35 feet per second these figures are reduced by a factor of four.
F ig .  12— C l o s e u p  S h o w i n g  F o r c e - t r a n s m i t t i n g  W i r e s  C o n n e c t i n g  B a l a n c e  
S p i n d l e  w i t h  H y d r a u l i c  C y l i n d e r s  a n d  S p r i n g  C o m p e n s a t o r s .
Figs. 11 and 12 show the complexity resulting from an effort 
to measure these small forces with the Cal-Tech three-component 
balance. Here the spindle is supported near its center with a uni­
versal pivot that permits rotation in any direction about the pivot 
point but allows no translation. The hydrodynamic forces on the 
model are restrained by forces applied to prevent rotation of the 
spindle. Fig. 12 shows how a wire connection from the balance 
spindle to a piston in a ground and lapped cylinder converts the 
restraining forces to pressures for measurement with special pres­
sure gages. While spindle motion during measurements is very 
small, compensation is provided for the restoring moments due to 
elastic deflections of the rubber seal used here and for the special 
wire support for the spindle. The compensators are spring “ pre­
loaders” with a linkage arrangement that maintains the restrain­
ing forces constant and equal to the hydrodynamic forces as the 
spindle moves. Fig. 13 shows one of the pressure gages. This is
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a fluid-pressure scales type designed with a sensitivity of 0.01 pound 
per square inch. The small auxiliary gage on the front of the in­
strument is for rough indication of the pressure range. The over­
all sensitivity of the balance and gage system depends on the vari­
ous piston sizes. In this case a two-to-one increase is used, so that 
a force of 0.005 pound on the test model causes a gage reading of 
0.01 pound per square inch.
One of the special applications of the water tunnel that has 
proven of exceptional value is the measurement of distribution of 
pressures over submerged bodies. This requires special models with 
provision for carrying a multitude of pressure connections to the 
outside of the tunnel, and it reopens the question of design of 
support for the model. Since it is not the practice to measure 
forces simultaneously, the problem is less complicated than for the
F ig . 13— W e ig h i n g -t y p e  P r e s s u r e  Ga g e  U s e d  to  M e a s u r e  H y d k a u l ic a l l y  
T r a n s m it t e d  F o r c e s  a n d  M o m e n t s .
force measuring system. Here the support itself can be a stream­
lined strut of ample proportions to take the hydraulic loads without 
having to resort to the duplex construction used for the force 
measurements. Needless to say, models for these tests call for 
particular care in locating and forming the piezometer holes [11 ]. 
The water tunnel basically is suitable for investigation of the
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effects of the exhaust on the hydrodynamic behavior of various jet 
propelled or ordinary internal combustion propelled devices. For 
this application means must be provided for supplying liquid or 
gas to the model. This can be done through hollow supporting strut 
members. Fig. 14 shows a model with an “ exhaust” of compressed 
air supplied in this manner. When the fluid is a gas its removal 
from the circuit is difficult because the “ negative settling tim e” 
necessary for bubbles to rise is usually longer than the time for 
complete recirculation of the water back to the working section.
F ig . 14— M o d e l  f o r  T e s t i n g  E f f e c t s  o f  E x h a u s t  o n  B ody  w i t h  P o w e r e d
P r o p e l l e r .
The example shown in Fig. 14 employs a powered propeller. The 
use of powered models is a necessity if the true flow conditions as 
experienced by self-propelled bodies in actual flight are to be dupli­
cated. If  the ratio of propeller tip velocity to forward velocity is 
to be the same in model and prototype, high propeller rotative 
speeds are required. For variable speed control the high-frequency 
synchronous motor is most satisfactory, but requires a source of 
“ high cycle” current as an auxiliary to the water tunnel. Powered 
models have been widely used for wind-tunnel tests and some types 
of motors well suited for water-tunnel work are available. The 
electrical leads to the model also can be taken through the support­
ing strut. Simultaneous provisions for force measurements again 
complicate the construction.
Steady state forces as measured on stationary bodies in the water 
tunnel are not sufficient to determine the complete behavior of a 
free body in motion. In  addition to the “ steady state”  forces and 
moments that are proportional to the yaw angle, it is necessary to 
know the “ damping”  forces and moments that are proportional
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to angular velocity. The most satisfactory method of obtaining 
this information is to study a model having similar geometry and 
similar moments of inertia in actual free motion. However, tech­
niques developed in the wind tunnel can be used in the water tunnel 
to obtain approximations which are satisfactory for many purposes. 
One method is to oscillate such a dynamically and geometrically 
similar body on a supporting spindle and to measure in effect the 
force and moment components resulting from angular velocity. 
This requires a special “ dynamic” balance. The results are ap­
proximate because of support and wall interference effects. Another 
method arises from the fact that the damping cross force and 
damping moment are present when a free body executes a steady 
turn. This condition, which is one of a straight body in a curved 
flow, can be approximated in a tunnel by using curved models in 
the rectilinear flow. No auxiliary apparatus is needed besides the 
balance for measuring steady forces.
Remarks on instrumentation are not complete without mention 
of the importance of photographic observations. For some cases 
there are no more suitable methods of obtaining information about 
short-duration phenomena. The cavitation photographs included 
here are examples. Suffice it to say that a variety of camera and 
lighting equipment, including apparatus for “ flash” and strobo­
scopic techniques, will find important application [12],
F u t u r e  T r e n d s  f o r  W a t e r - T u n n e l  R e s e a r c h  
Promising Research Problems
Because of the particular advantages of the water tunnel it is 
logical that future research will emphasize investigations in which 
cavitation is a factor. A basic study of the cavitation phenomena 
itself is of fundamental importance. The mechanisms of bubble or 
cavity inception, growth, and collapse are almost completely un­
known. Only meager information exists as to the effects on the 
production of cavitation of body shape, of velocity, of body size, 
of gases dissolved in the liquid, and of microscopic gas bubbles or 
foreign matter which might act as nuclei. The local pressures ac­
companying bubble collapse and the thermal and acoustic energy 
dissipation should be investigated. More information is needed 
about the effects of body shape for all stages of cavitation from the
http://ir.uiowa.edu/uisie/31
incipient to the more advanced, but particularly for the extreme 
conditions such as shown in Figs. 7, 8 , and 9. Both qualitative and 
quantitative approaches are necessary. The extremely short dura­
tion of the entire phenomenon of formation and disappearance of
F i g . 15— G r o w t h  o f  Ca v it a t io n  B u b b l e s  A l o n g  U p p e r  S u r f a c e  o f  O g iv a l  
B o d y . I n t e r v a l  B e t w e e n  P i c t u r e s  i s  1/3000 o f  a  S e c o n d . ( F l o w  
E i g h t  to  L e f t . )
a single cavity makes a detailed study difficult. The use of ultra- 
high-speed motion pictures seems promising. Fig. 15 is an example 
of this technique, showing pictures of the growth of individual 
bubbles taken by a stroboscopic camera at 3000 frames per second.
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Even this speed is insufficient to show all the details. It appears 
now that 50,000 to 100,000 frames per second will be necessary.
One of the applications of the results of cavitation studies is the 
cavitation analogue of the behavior of high speed airfoils. The de­
termination of shapes suitable for supersonic speeds can be made
F ig . 16—Low P r e s s u r e  Zo n e s  O u t l i n e d  b y  C a v it a t io n  o n  t h e  N A C A  4412 
A i r f o i l . F l o w  V e l o c it y  =  45 F p s . S t a t ic  P r e s s u r e  i n  F l o w  =  49,
37, a n d  23 P s i A b s . fo r  U p p e r , C e n t e r , a n d  L o w e r  P h o t o g r a p h s  
R e s p e c t iv e l y . ( F l o w  L e f t  to  R i g h t .)
by examining their cavitation characteristics. This, of course, can 
be done empirically, but with more information about the phenom­
ena, rational design methods can be set up. Fig. 16 shows cavitation 
on the NACA 4412 airfoil shape. The zones of highest velocities, 
where compressibility effects will be experienced first, are clearly 
shown by the boundaries of the cavitating areas.
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An extension of this is the design of high-speed bodies by using 
the shapes of the constant-pressure envelopes of the cavitation 
cavities obtained for advanced conditions. Fig. 17 shows the shape 
of a cavity obtained behind a circular cylinder. This analogy is 
applicable to three-dimensional as well as two-dimensional body 
shapes.
One of the serious problems currently under discussion is cavita­
tion on hydraulic structures. A program of investigations of cavi­
tation on shapes suitable for various structural components should 
be extremely fruitful. Fig. 18 shows an example of flow with 
cavitation around a streamlined strut.
The extension of this problem is to the study of shapes under 
partially submerged conditions. This is not a new aspect as the 
usefulness of model studies made with controlled atmospheric pres­
sure is well established [13]. However, there is a need fo ra  system­
atic and general study of body shapes under a wide range of 
velocity and pressure conditions. The high-velocity water tunnel 
with a working section modified for free surface operation, and 
with provision for a controlled atmosphere, provides a promising
F ig . 17— C a v it a t io n  C a v it y  B e h i n d  Ci r c u l a r  Cy l in d e r  O u t l i n e s  a  S u r f a c e  
o f  C o n s t a n t  P r e s s u r e .
means of studying cavitation on shapes for baffle piers, piles and 
ship appendages, and even high-speed watercraft.
Of the many problems where cavitation is not solely important 
the effects of body shape on the hydrodynamic forces and moments 
should be the subject of additional systematic studies. The effects 
of shape on surface pressures is part of such a program. Important 
in this respect would be measurements of the range of fluctuating
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pressures on and near bodies with flow separation or with cavita­
tion. This will require development of instruments for recording 
instantaneous pressures. With the development of suitable instru­
mentation, boundary-layer and turbulence investigations, particu­
larly as they influence cavitation, will prove important.
While application of the water tunnel to date has been entirely 
to studies involving a steady mean flow, investigations under vari-
F i g . 18— Ca v it a t io n  o n  a  S t r e a m l in e d  S t r u t  S u it a b l e  f o r  U s e  a s  P i e r  or 
O t h e r  S t r u c t u r a l  M e m b e r .
ous conditions of accelerating and decelerating flow for stationary 
models, as well as models in motion, shotild prove useful. The ex­
tent of such applications will depend upon the development of 
methods of measuring continuously changing velocities, pressures, 
and forces. It is anticipated that electrical strain gage and pressure 
cell devices will be applied in this connection.
The Need for Basic Investigations
In conclusion, the desirability of directing water-tunnel research 
toward basic investigations should be stressed. In application of 
the water tunnel thus far, this has not always been the case. With 
both propeller and underwater ballistics research, the tendency has 
been towards studies for specific developments. While during the 
war years this course was completely justified, the water tunnel 
can be of greatest use in the long run if it is applied to the in­
vestigation of basic hydrodynamic problems. General principles 
thus compiled will help broaden the scope of rational hydraulics.
A c k n o w l e d g e m e n t s
This paper in many ways presents a summary of experience 
obtained during the construction and initial four-year operating
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period of the High-Speed Water Tunnel at the California Institute 
of Technology. With the exception of Fig. 1, the illustrations were 
obtained from the Water Tunnel files. This tunnel was built and 
operated by the California Institute of Technology under contract 
()EMsr207 with the Office of Scientific Research and Development. 
Division 6 , Section 6.1 of the National Defense Research Committee, 
was the sponsoring agent of the OSRD during this initial period. 
The Water Tunnel at present is operated under the auspices of 
the U. S. Navy Department, Bureau of Ordinance. The design, 
construction, and operation of the Water Tunnel have been under 
the direction of Dr. Robert T. Knapp, Associate Professor of 
Hydraulic Engineering at the Institute.
The author is indebted to Captain A. G. Mumma and the Society 
of Naval Architects and Marine Engineers for permission to re­
produce Fig. 1, which originally appeared in the first reference 
listed below.
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PRESSURE DISTRIBUTION AND CAVITATION ON 
SUBMERGED BOUNDARIES
J o h n  S. M cN o w n  
University of Iowa, Iowa City, Iowa
One of the basic problems of fluid flow is the determination of 
the pressure distribution around a given boundary, as knowledge 
of this one variable makes possible the solution of many problems 
which may be encountered. Forces on sea and air craft, incidence 
of cavitation, velocity distribution, and expenditure of energy at 
a transition, to list only a few, are all related to this fundamental 
determination. For many of these investigations it may be de­
sirable to evaluate pressure-integral terms such as lift or righting 
moment directly by dynamometry, as pointed out by Dr. J. W. 
Daily [1], but for others, such as those related to cavitation, a more 
complete picture is obtained from the continuous pressure varia­
tion. It is interesting to note that several of the papers presented 
at the Third Hydraulics Conference [2], [3] have dwelt on this 
topic. Design of a conduit inlet and analysis of dynamic stability 
are appropriate illustrations of the uses of pressure distributions 
in providing fundamental design data for a wide range of practical 
applications. I t  should be worthwhile, therefore, to give consider­
ation to the available procedures and their application to prac­
tical problems. Although the methods are familiar ones (since 
analysis, adaptation of previous experimental work, and specific 
model studies must serve here as in many other problems), their 
specific application to this problem will be treated in some detail 
with particular emphasis on procedures which are not in general 
use. The problem is certainly a broad one, and it is the general 
aspects that will be given primary consideration in the following 
discussion. However, specific illustrations will be drawn from a 
study of the pressure distribution around head forms conducted 
by the Iowa Institute of Hydraulic Research.
Analytical methods will be discussed first, because they should
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receive primary consideration in any problem and are nevertheless 
often slighted. If  a problem is amenable to analytical treatment, 
an analysis may yield a complete and general solution, and will, 
in any event, provide a valuable guide for experimentation and 
systematization of results. A few years ago engineers were re­
luctant to use the results of hydrodynamical studies, both because 
of the mathematical complexities, and because the results seldom 
applied to the problems of that time. However, velocities of ships 
and heights of dams have been greatly increased, and consequently 
higher efficiencies, lower drags, and negligible cavitation are now 
required. As a result, boundaries must be well streamlined and 
are therefore more amenable to theoretical treatment than those 
encountered formerly. The understanding which the present-day 
engineer has of analytical methods may be greatly increased, not 
only by improving his basic training, but also through translation 
of much that is highly mathematical into more easily understand­
able terms.
An illustration of this gap between theory and application was 
encountered by the writer in making a comparison between ex­
perimentally determined pressure distributions around a series of 
semi-ellipsoidal head forms and the theoretical results for irrota- 
tional flow around symmetrical ellipsoids. Reference to classical 
treatments of this problem [4], [5] yielded expressions in elliptical 
coordinates necessitating a complicated transformation before a 
practical result could be obtained. The variation of velocity, as 
eventually simplified for the case of ovary ellipsoids (longitudinal 
axis greater than the maximum diameter) was expressible in 
familiar term s:
„2
sin 6 (1 )1 — A
The quantity v0 is the approach velocity, e is the eccentricity of 
the ellipse (e =  V « 2 — b2/ a ) , A is a function of e alone and hence 
is a constant for a given boundary form,
1 — e2 . 1 +  e In-
2e 1 — e
and 6 is the angle between the direction of flow and a line normal 
to the profile. While these expressions are still somewhat involved, 
it is because the problem is a difficult one; the mathematician re-
http://ir.uiowa.edu/uisie/31
sorted to elliptical coordinates because he was forced to do so by 
the complexity of the problem. However, the final result is general 
and has been reduced to readily usable terms. The evaluation of 
the quantity e2/ ( l  — A) is a relatively simple matter, and once 
tabulated or plotted would yield a simple and direct solution for 
the velocity. Finally the pressure-head variation may be expressed 
in the form
/  e2 sin 6 \
\  1 — a ) (2)
is plotted against r / r 0 in Fig.
V /2 g
The results expressed in Eq. (2) were compared with the 
measured values, both to determine the zone of usefulness of the 
theory and to assist in interpolation and systematization of the 
family of experimental curves. The dimensionless pressure term
1 so that the curves have the same 
spread along the abscissa. The 
agreement is seen to be excellent 
for the longer ellipsoids, becom­
ing progressively poorer for the 
shorter forms as would be expec­
ted. The leek of agreement near 
the point of tangency for the 
longer forms is primarily due to 
the difference in boundary geom­
etry between the assumed com­
plete ellipsoidal form and the ac­
tual conditions of a half-ellipsoid 
mounted on a cylindrical shaft. 
The more general disagreement for 
the shorter forms, on the other 
hand, is the result of viscous effects 
in producing separation and rota­
tional flow. I t may be concluded 
that the analytical results would 
be very useful for ellipsoids with 
axis ratios of 2 :1 or greater. 
Other problems which have been 
l ip s o id a l  S e r i e s  ( A s s u m i n g  Co m - s°lyed by similar means include 
p l e t e  E l l i p s o i d s  f o r  T h e o r e t ic a l  flow past a number of mathematie-
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t a l  a n d  T h e o r e t ic a l  P r e s s u r e - 
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D e t e r m i n a t io n s  ) . ally defined boundaries in either
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two or three dimensions, flow in a vortex field, and the determina­
tion of contraction coefficients for a wide variety of efflux prob­
lems [6 ], I t  is reasonable to conclude, therefore, that engineers 
should not overlook the possibilities of hydrodynamical analysis 
in the event that the effects of viscosity are relatively unimportant.
A distinctly different analytical method, introduced by Pro­
fessor von Karman [7], is approximate but adaptable to a wide 
variety of boundary forms. If  a number of mathematical sources 
and sinks are combined with a field of uniform velocity, it is possible 
to adjust their intensities or strengths so that one stream line of 
the resulting flow approximates a pre-determined boundary form. 
Once these strengths are determined, a stream function can be 
written from which the velocity and pressure along the boundary 
can be computed. An elementary example of this approach results 
from the combination of uniform flow with a point source. The 
stream line which passes through the stagnation point a short dis­
tance upstream from the source describes what is known as a half 
body, a natural flow boundary which can be modified at will by 
the introduction of additional sources. For every condition which 
is imposed upon the boundary, a source of unknown strength must 
be added. The various strengths may then be determined by solu­
tion of the corresponding number of simultaneous linear equations. 
In addition to point sources and uniform flow, both line sources 
and doublets may be used, as expressions have been derived for the 
stream function and the velocity components for each of these.
This method is applicable to many problems of two- and three- 
dimensional flow around faired boundaries. Solutions with six 
degrees of freedom were prepared at the Iowa Institute for the 
4 :1 and 2 :1 ellipsoidal forms, each with a cylindrical afterbody. 
The results, which are presented in Fig. 2, illustrate excellent agree­
ment between theory and experiment for these forms, and hence 
demonstrate that viscous effects are indeed of minor importance. 
The work involved, while laborious, is slight compared with the 
construction and testing of a model, as one familiar with routine 
computational procedure should be able to prepare a solution of 
the type presented in Fig. 2 in a day or two. Furthermore, the 
analytical background can be reduced to terms and concepts which 
are compatible with the mathematical training given all engineers.
One further application of this technique is of practical sig­
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nificance to civil engineers and is therefore deserving of further 
consideration. As there is little real difference between flow with 
internal and external boundaries, it should be possible to adapt 
the technique described in the preceding chapters to a study of
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flow through a well-rounded conduit inlet. In addition to the 
methods of the preceding case, vortex pairs may be used to pro­
duce the desired boundary stream lines. While this procedure 
may be limited to two-dimensional forms, it is potentially capable 
of providing worthwhile design information.
The writer well realises that many engineers would prefer the 
building of a model to utilization of the analytical methods which 
have been outlined in the foregoing. Their reasons would probably 
be (1 ) lack of familiarity with the procedure, (2 ) absence of satis­
factory treatments in the literature, (3) antipathy to all math­
ematical procedures, and (4) distrust of results obtained in this 
manner. As all of these arguments are directly traceable to the 
extreme scarcity of analytical treatments of this type in the en­
gineering literature, one of the primary purposes of this discussion
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is to stimulate interest so that the usefulness of the method can 
be demonstrated through the presentation of other examples, and 
so that the boundary of applicability can be more clearly defined. 
I t  can not be emphasized too strongly that problems within the 
range of the analytical assumptions can be solved far more eco­
nomically by analytical means than by any other, and that such 
a study may be combined with experimentation to good advantage.
It is well known that a large proportion of problems encountered 
in engineering design do not satisfy the assumptions essential to 
theoretical analysis and that experimentation is required to obtain 
practical results. Analytical procedures are not a panacea for all 
problems, but represent an effective approach to one type. However, 
even with the experimentation, it is important that certain an­
alytical tools be used, the principal ones being the methods of 
dimensional analysis and dimensionless representation. Only in 
this way can the maximum benefit be derived from a series of ex­
periments, both in the application to a specific problem and in the 
subsequent adaptation to other problems of similar nature. As 
data of the type presented in Fig. 1 and in other papers in this 
volume [2], [3] are collected and published, the engineering pro­
fession is accumulating a valuable backlog of extremely useful 
design information, so that the amount of experimentation required 
in a given instance may often be reduced materially. On the other 
hand, fragmentary data presented in an unsystematic fashion will 
yield little of use for subsequent investigations.
For present considerations, the distribution of pressure may be 
expressed as a function of the Reynolds number, the Froude num­
ber, the cavitation number, and the boundary geometry. In  func­
tional form:
* = * ■ = * ( * ,  F ,  K . i - . f , .  ) ( 3)
Variation of the Reynolds number R changes the flow pattern 
through viscous influence upon the pattern of separation. For a 
consideration of completely submerged flow the Froude number 
F may be omitted. The cavitation number K, which is less widely 
known, has received acceptance in many cavitation studies and will 
be discussed further herein. Linear ratios of the type b/a  and c/a
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serve to define the type of boundary and the variations which are 
being studied.
Like the Reynolds number, the cavitation number may take 
different forms for different types of flow. For flow past a sub­
merged boundary
rr _  Po — Pv
QV0%
and K is therefore a measure of the proximity of the centerline 
pressure to the vapor pressure in units of the dynamic pressure, 
the zero subscripts denoting reference conditions in a region un­
disturbed by the boundary under study. If  the overall pressure is 
reduced by lowering p 0, or if the local minimum pressures are re­
duced by increasing v 0, the tendency for cavitation to occur is in­
creased. I t  follows that a reduction in K indicates a net increase 
in the tendency toward cavitation.
If K ( is defined as the value of K for conditions of incipient cavi­
tation in flow around a given boundary, all values of K greater 
than Ki will yield a pattern of flow which is unaffected by cavita­
tion. As K is reduced below K,, however, the effects of cavitation
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become more and more pronounced. In  this effective range, the 
value of K indicates the extent of cavitation and governs con­
ditions of similarity for model and prototype for this phenomenon.
A brief description of certain features of the water tunnel used 
in an experimental study of the type described by Eq. (3) is per­
tinent to a discussion of the results obtained therefrom. Completed 
in the spring of 1944, the water tunnel at the Hydraulics Labora­
tory of the Iowa Institute of Hydraulic Research is similar in 
functional design to water tunnels at other research laboratories 
and to many wind tunnels. A 24-inch Fairbanks-Morse propellor 
pump provides a discharge from 8 to 35 cubic feet per second, and 
since the cross-sectional area of the jet is one square foot, the veloc­
ity may be varied from 8 to 35 feet per second. The pressure in 
the test section is controlled by a vacuum pump and a secondary 
circuit to provide pressures from -(-30 to —30 feet of water.
The axis of the tunnel has the form of a vertical rectangle, as 
shown in Fig. 3. The test section has an octagonal housing with 
windows of %-inch tempered plate glass on either side and access 
openings at the top and bottom. The throat velocity is indicated 
by a differential gage and controlled by varying the speed of the 
pump. The pressure in the test section is determined by a second 
mercury differential gage which indicates the difference between 
the pressure at the wall of the test section and that in the 
atmosphere.
As the studies in the tunnel have consisted of the determination 
of pressure distributions around several systematic series of bodies 
of revolution, the mounting shown in Fig. 4 was installed for the 
various models. A hollow brass shaft serves as a support for the 
interchangeable head forms and contains the copper piezometer 
leads which pass to the rear and through the side of the test section. 
A manifold and a third differential gage provide means for deter­
mining as many as twenty-four piezometric heads along the body.
Since completion, the tunnel has been used for a study requested 
by the David Taylor Model Basin, first through the National De­
fense Research Committee, and thereafter by direct contract with 
the Bureau of Ships of the U. S. Navy. The series of tests conduct­
ed under this contract on the ellipsoidal head forms already men­
tioned provides an excellent illustration of the variation in pressure 
with the Reynolds number, the cavitation number, and the boundary
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geometry. The series ranges from a 4:1 ellipsoidal form through 
the hemispherical, shorter ellipsoidal, and blunt head forms to con­
cave ellipsoidal profiles.
The effect of systematic variation of the boundary geometry for 
the ellipsoidal series is clearly demonstrated in Fig. 5; in this study
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the axis ratio of the ellipsoids was varied. The forms tested as in­
dicated by the solid lines at the top of the figure had the following 
axis ratios: 4 :1 , 2 :1, 1 :1 (hemispherical), :1, 0 :1 (blunt), —y2 :1, 
(concave), and — oo :1 (hollow cylindrical). The experimental data 
yielded the corresponding solid curves for longitudinal pressure 
distribution around the various forms. The dotted lines are inter­
polated values which were prepared from a series of interpolation 
plots and with considerable assistance from the analytical results 
illustrated in Fig. 1.
The effect of the Reynolds number on the hemispherical head 
form, which is representative of this series, is shown in Fig. 6. 
The pressure distribution was found to change with variation in 
the Reynolds number for R less than 2 x  105, but further increase 
above this value indicated no further change. Therefore an upper 
critical Reynolds number exists for a given boundary correspond­
ing in effect to the limiting value of R for fully developed turbu­
lence within a uniformly roughened pipe. The numerical value
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of this upper critical varies greatly with the boundary form, being 
greatest for boundaries of relatively small radius. Of the ellip­
soidal series, only the blunter ellipsoid with an axis ratio of V2 :1 
was not stable over at least part of the tunnel range (see Fig. 5).
~,0 0 0Z5 0.50 0.75 1.00 1.25 /.50 1.75 
s /d
P ig . 6 — V a r ia t io n  i n  P r e s s u r e  D i s t r i b u t i o n  w i t h  R e y n o l d s  N u m b e r .
( H e m i s p h e r i c a l  H e a d .)
The blunter and faired forms were stable within the range of the 
tunnel, but for quite different reasons. For flow past blunter 
forms a stable separation pattern is achieved beginning at the 
abrupt change in boundary. On the faired forms separation is 
eliminated by turbulence at comparatively low values of R, while 
for short-radius forms the point of separation is unstable so that 
as R increases the separation is reduced and the value of the mini­
mum pressure is also greatly reduced, as shown in Fig. 7. I t  may 
be concluded that viscous effects are negligible if tests are made 
at Reynolds numbers above the established critical value for a 
given boundary form ; measurements at several values should suffice 
to determine whether or not this critical has been reached in a 
model study.
The effect on the pressure distribution of varying the cavitation
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parameter, although similar in many respects to that resulting 
from variation of the Reynolds number, is perhaps more easily in­
terpreted. Over most of the practicable range of hydraulic phe­
nomena, occurrences of hydraulic significance are entirely indepen­
dent of vapor-pressure effects, since only in the event that a local 
pressure drops to the vapor pressure does variation of the cavita­
tion parameter produce any significant change. Below the critical 
value of Ki for any boundary form, however, cavitation effects be­
come apparent to a degree which is indicated by the numerical 
value of K[ — K, This dependence is clearly demonstrated for 
the hemispherical head form in Fig. 8 .
P ig . 7— V a r ia t io n  i n  P r e s s u r e  D i s t r i b u t i o n  w i t h  R e y n o l d s  N u m b e r . 
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The half-profile of the boundary form together with the cavi­
tation-free pressure distribution is shown at the top of the figure. 
This pressure curve is reproduced in developed form as the curve
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marked K >  0.82. Variation of K in the range K >  0.82 then has 
no effect on the distribution and the value for incipient cavitation 
on this head form may be defined as Ki =  0.82. Since the dis­
tribution of pressure head referred to the centerline pressure head 
is plotted in units of velocity head, and since the value of K is a 
measure of centerline pressure head relative to the vapor pressure 
head in the same units, it follows that the numerical value of the 
negative pressure head can never exceed the value of K. This is 
borne out by the family of curves and by the curve of minimum 
pressure vs. K in the lower right-hand corner. As K is reduced,
F ig . 8— E f f e c t  o f  Ca v it a t io n  U p o n  t h e  P r e s s u r e  D is t r i b u t i o n  A r o u n d  a  
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the two values become numerically equal and the vapor pocket 
extends over a distance which increases systematically with K as 
shown in the plot of K vs. the location of the end of the vapor 
pocket.
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Perhaps the most surprising feature of this and other similar 
families of curves is that the curve at the right is not simply two
(h _ h \----2/0 ° )Vo 1^9 /  m i n
and K — 0 indicating that hmin — hy and the other horizontal for 
__ h \
— 2 I . This would fit the popular 
V0 /¿ 9  /  m l n
conception of the incidence of cavitation, i.e., that the centerline
(h-h.) d/2 I ? fi ÎL, '!—£_H I « -iL. ]
1.0
0.6
0.6
0.4
OZ.
0
■0.2
-0.4
- 0.6
- 0.8
-1.0
.  s/d
,0 0.5 1.0 1.5 2.0 25 3.0 J5 4.0 45 50 55 60 6.5 7.0
f)
24Ki-HL
M r/ /
’77-JF
i
22— Ü/
-<V-J /  ; -K-030 / /
V^-K-0.40 A
-fry-K-0.50
K=ï
Q-hv
w
.a ^ ¡ y
^=0.00
K-Î60
K=120
“7 ^
1.6 1.4 12 1.0
0.6
0.6
0.4
02
0
02
-0.4
- 0.6
OS
Vo/cg'min
K
06 0.4 Q2 0
F ig . 9— E f f e c t  o f  Ca v it a t io n  U p o n  t h e  P r e s s u r e  D is t r i b u t i o n  A r o u n d  a  
Cy l in d r ic a l  B ody  w i t h  9 0 °  Co n ic a l  H e a d .
pressure may be reduced until the pressure on the boundary is equal 
to vapor pressure, and a further reduction results simply in cutting 
off the lower part of the curve. Although this simplified picture is 
approximately correct for the hemispherical head, for the other 
types of boundary it is greatly in error as shown in Fig. 9. Although 
not a part of the ellipsoidal series, the results for the 90° conical 
head are presented because they demonstrate the radical departures 
from an over-simplified picture of the onset of cavitation whicli 
may be encountered. In  this instance Ki =  1.6 while the minimum 
pressure ratio was approximately —0.7, indicating that cavitation
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effects occurred while the pressure around the boundary was nearly 
one velocity head above the vapor pressure. Furthermore, the 
boundary pressure approached the vapor pressure only for very 
small values of K.
The explanation of this phenomenon is relatively simple. Cavita­
tion first occurs at points of minimum local pressure and these are 
often within the vortices along the boundary of the separation zone. 
Hence, vapor may form and cause a change in the flow pattern 
while the pressures along the boundary are well above vapor pres­
sure. An interesting variation of this phenomenon has been de­
scribed by Mr. Locher [8 ] in which severe cavitation took place 
in a region unaffected by solid boundaries where the mean pressure 
was never below one-half an atmosphere. The vapor was formed 
within vortices along the boundary between the high-velocity jet 
and the driven water within a jet pump. As the jet expanded, these 
vortices eventually reached the conduit wall, remaining sufficiently 
intense for pronounced pitting of the conduit walls to occur in 
this region. I t should be kept in mind, therefore, that the pressure 
distribution around a given boundary does not necessarily permit 
even a  reasonably accurate prediction of the incidence of cavitation.
Although the experimental data presented in the foregoing dis­
cussion have been restricted to the case of flow around a solid 
boundary, the similarity between flow patterns which are bounded 
internally and others which are bounded externally should enable 
a broader application of results than might be visualized at first. 
That is, since many points of similarity exist between a flow around 
a flat disk and flow through a diaphragm orifice in a pipe line, 
there should be a marked similarity between flow around the various 
head forms and flow through boundary transitions in a conduit. 
An illustration of this point arises from a comparison of the effect 
of radius of rounding upon the minimum pressure along a given 
boundary. The trend established for the ellipsoidal series is seen 
to be similar indeed to that for two-dimensional conduit inlets as 
presented by Dr. Rouse [2], In each set of experiments the most 
extreme pressure condition occurred for a moderately small radius 
of curvature.
Three methods for determining the pressure distribution around 
a given boundary have been described in some detail. Analytical 
methods, either exact or aproximate, may be applied to bodies of
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easy curvature with worthwhile results. However, much remains 
to be done in bringing the analytical methods within reach of en­
gineers without highly specialized training, not because the pro­
cedure is difficult, but because of the wide gap between published 
theory and practical applications. The second method, which is 
the adaptation of previous experimentation to a given problem, 
presupposes a fund of systematic data upon which one can draw. 
That such a fund is in the process of being accumulated is evi­
denced by several of the papers presented in these Proceedings, 
and it is to be expected that such data may be applied to other than 
strictly geometrically similar bodies. Specific model studies, as 
the third basic method, should be carried out in a systematic man­
ner, both to provide the desired results and to add to the fund 
of useful data. I f  the maximum benefit is to be derived from such 
studies, dimensionless representation should be used and dictates 
of dimensional analysis should be observed.
The writer wishes to acknowledge the sponsorship of the David 
Taylor Model Basin of the U. S. Navy throughout the experimental 
part of the work herein described. The cooperation of Captain 
Saunders and his staff and permission from the U. S. Navy to pub­
lish the experimental results are greatly appreciated. The writer 
also wishes to acknowledge the assistance of Mr. E. Y. Hsu and 
Mr. C. A. Lamb, Research Assistants, and the cooperation and ad­
vice offered by Professor Hunter Rouse, Director of the Iowa In­
stitute of Hydraulic Research, throughout this study.
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HYDRAULIC TRANSMISSION OF POWER 
Session Chairman: J o h n  S. McNown 
Researeh Engineer, Iowa Institute of Hydraulic Research 
Iowa City, Iowa
I n t r o d u c to r y  R e m a r k s  ' - \
With peace-time adaptation of war-time development as the theme 
of this conference, it is appropriate that the topic of hydraulic 
transmission of power have a place on the program. The important 
role played by this phase of mechanical hydraulics is indicated by 
the innumerable applications found in planes, tanks, and ships, and 
the peace-time adaptation of the advancements which they repre­
sent makes this topic an important one. An added reason for its 
inclusion is that hydraulic engineers interested primarily in civil 
engineering projects are not well acquainted with this closely re­
lated field, and it is well known that an interchange of ideas be­
tween two related fields is beneficial to both. Therefore, the pro­
gram has been planned so as to present not only a description of 
accomplishments in this field, bnt also the problems involved in 
its further development.
The mechanical hydraulic engineer’s viewpoint is to be presented 
by Mr. Howard Field, Engineering Consultant of Los Angeles,
California. In the twenty-odd years since he completed his studies 
at the University of Illinois and Massachusetts Institute of Tech­
nology, his record of achievement clearly indicates his prominence 
in this field. He was one of the first two engineers to apply hydrau­
lic controls to aircraft, has presented a number of papers on this 
topic to the Society of Automotive Engineers and the American 
Society of Mechanical Engineers, and is Western Chairman of the 
Hydraulic Standards Committee for both the Society of Auto­
motive Engineers and the National Aircraft Standards Committee.
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Prior to his present work as Engineering Consultant he was Chief 
Hydraulic Engineer of the North American Aviation Company.
Following the discussion of this topic, animated motion pictures 
prepared by the Oilgear Co. of Milwaukee, Wisconsin, for the train­
ing of army and navy technicians will be shown by Mr. J. K. Doug­
las, Chief Engineer of the Oilgear Company. In addition, both 
working and cut-away models will be displayed and described by 
Mr. M. J. Taup, representing Vickers, Inc., of Detroit, Michigan.
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THE HYDRAULIC WORLD 
AS SEEN BY A MECHANICAL HYDRAULIC ENGINEER
H ow ard  F ie l d , J r .
Los Angeles, California
Social psychologists have long emphasized the effects of environ­
ment upon the development of individuals. That “ environment” 
may be much more' particular than on which side of the tracks 
one lives is well illustrated by the two engineers who were given 
the same device to design. The first engineer, having had long 
experience in rolling-mill machinery, was told to design a reducing 
gear for a two-thousand-horsepower turbine but to make it as light 
as possible. The second engineer, an aircraft man, was given the 
same problem but was told that weight was no object. In due course 
the first engineer proudly exhibited his design which weighed only 
five tons. The second engineer apologetically showed his design 
which weighed nearly half a ton. Similar environmental differ­
ences have affected the viewpoints of men in the hydraulic field. The 
civil, mechanical, and research hydraulic engineers face different
problems and consequently 
see different things. The 
author, believing that mutual 
understanding which tends to 
break down the barriers be­
tween the branches of hy­
draulics will have a salutary 
effect, wishes to present some 
Fig. i  of the “ param eters” of a
mechanical hydraulic engi­
neer to the members of this conference. It is hoped that a measure 
of informality in presentation will clarify rather than obscure 
the points the author seriously wants to impress.
A typical problem of the mechanical hydraulic engineer is that 
of applying a hydraulic system to a lathe. There are many things 
which could be done hydraulically such as longitudinal feed, cross 
feed, chucking, rapid traverse, and even the rotary drive, but as
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an example it is assumed that in this particular case only the longi­
tudinal feed is to be operated by hydraulic means. The most dif­
ficult piece of work this lathe is expected to do is something such 
as shown in Pig. 1. The tool feeds from right to left. When the 
tool is in the position shown in solid lines, the forces on the tool 
from the work are as shown inasmuch as a force must be applied 
to keep the tool moving to the left. However, somewhat later when 
the tool has reached the dotted position, the longitudinal component 
of the force on the tool has reversed in direction so now the tool 
must be held back. The only purpose of this Figure is to point out 
that even though the motion of the lathe tool is from right to left, 
the forces applied to keep it moving at a uniform rate may be in 
either direction.
The simplest possible hydraulic system—a pump, relief valve, 
throttle valve, cylinder, and a reservoir—is considered first. Since 
the reservoir is at “ ground potential” in the electrical engineer’s 
language, his symbol may be used for ground instead of running
lines around and drawing the tank. Pig. 2 shows such a system. 
The rod connects to the tool carriage and the load from the tool 
is shown applied to the left end of the rod. This is the condition 
existing with the tool in the position shown in the full lines in the 
previous figure. The pump draws fluid from the reservoir and dis­
charges to the throttle valve. The relief valve prevents develop­
ment of excessive pressure by returning unused fluid to the reser­
voir. The fluid which passes the throttle valve enters the cylinder 
to the right of the piston (that is, the feed end) and moves it to 
the left. Fluid in the left end of the cylinder, the return end, es­
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capes to the reservoir. The area of the piston and the working 
pressure at which the relief valve is set are determined by the 
maximum force to be exerted under any conditions. The capacity 
of the pump is set by the maximum rate of tool movement ever 
necessary. Both maxima seldom occur at the same time but pro­
vision must be made for both. It may be assumed that in this 
problem the tool is fed at half the maximum rate and that L is 
half of the available maximum. If line losses, mechanical friction, 
etc. are neglected, P r, the pressure in the return line, is zero.
As long as the force from the tool is in the direction shown every­
thing goes along nicely with the tool feeding no faster than the 
rate of flow into the cylinder forces it to do. However, when the 
tool has advanced to the dotted position of Fig. 1, the tool force 
reverses in direction, and since there is 110 way to maintain any 
pressure in the left end of the cylinder, the tool “ runs away.” 
(In practice there is never sufficient mechanical friction plus at­
mospheric pressure less vapor pressure of fluid to hold a tool into 
any reasonable reverse cut.) I t  seems foolish to continue with a 
circuit having obviously bad characteristics so another system will 
be considered.
The arrangement in Fig. 3 is much the same as before, but the 
throttle has been moved to the return side of the cylinder. Hence, 
P r, instead of being zero, is equal to R, the pressure loss in the 
throttle, and when the tool tends to run away, a pressure is avail­
able to hold it. Here the pump pressure P,„ which is constant be­
cause of the relief valve, and the feed pressure P t are the same
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and must equal L /A  -j~ R. Since the assumed feed rate is half of 
that provided for, half of the fluid must be going through the relief 
valve. Also, since the assumed load is half of that provided for, 
L /A  =  y2 and so R must equal y2. Now suppose the tool strikes 
a hard spot in the work and L  increases 50%. What happens? 
L /A  becomes 150% of its former value, or %  and since P t is con­
stant, R must decrease to 14 . Since the throttle valve is really a 
fixed orifice, the pressure drop through it varies as the square of 
the rate of flow. Therefore the change from y2 to 1/4 in R means
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a decrease in flow from y2 to %, or simply 14 °f the former flow. 
Thus a change in L  of 50% changes the feed rate by 75%. I t is 
important to consider the efficiency of the circuit. Obviously the 
efficiency equals FL  over QVPV. At first it was y2 x y2 or 25%, and 
while the tool was in the hard spot it became ( J x f )  /  ( l x l )  or 
18.75%. Neither is anything to be proud of but they can be im­
proved.
I t may be seen that the feed rate depends upon the rate of flow 
through the throttle valve. This in turn depends upon the pressure 
drop across the valve so if a constant pressure drop is maintained, 
a constant feed rate will result. Fig. 4 shows the same circuit with 
the addition of a pressure regulator to hold the pressure applied 
to the throttle constant. Here the fluid coming out of the return 
end of the cylinder enters the upper port of the regulator, flows 
through it and to the inlet of the throttle. As pressure builds up 
in the regulator outlet line, this pressure is transmitted to the right 
end of the regulator piston valve tending to move it to the left.
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This motion, which gradually closes off the inlet port, thus increas­
ing the pressure drop across the valve, is resisted by the spring 
so the piston comes to rest when the pressure force and the spring 
force are in balance. If  the outlet pressure tends to increase, the 
piston valve moves over thus further choking off the inlet. Hence, 
there is now a substantially constant pressure at the throttle inlet 
which will pass a constant rate of flow. Not only has a constant 
feed rate been obtained when the tool is resisting movement, but 
also when it is being held back. Assuming the same feed rate, load, 
and change in load as before, the efficiency should again be com­
puted. Before the change in load, it is (% x V2 ) /  (1 x 1 ) = 2 5 % , 
as before. When the tool hits the hard spot, the efficiency becomes 
(y2 x % ) /  ( l x l )  =  37.5% or twice as good as it was before the 
regulator was added.
One more change may be made in an attempt to improve the 
efficiency to complete this illustration. Fig. 5 shows this change. 
The feed rate control is just as it was; however, the relief valve 
has been changed to a tricky affair with dual control. Here the
CONNECTS TO 
TOOL .CARRIAGE
L— ¿T““FORCE L 
FROM TOOL
PRESSURE — ¿1 
REGULATOR „1,
NET AREA A
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pump pressure is applied to area on the end of the plunger and 
P r is applied in the same direction to the area a2 on the head of 
the plunger. The sum of the two forces is resisted by the spring 
so that if either tends to increase, fluid is by-passed to the reservoir. 
I f  areas «, and a2 are made equal, each will have the same effect. 
Now Pp =  P t =  L /A  - f  R 1 - f  R2, just as before except that neither 
side of the equation is constant. P r, of course equals R x -f- R2 and 
will be constant because any change will alter the amount of fluid
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being by-passed and thus change P t. With Iii -f- Ii2 constant, any 
change in L /A  will change P f just enough to compensate, so now 
the pump only puts out enough pressure to overcome the load. It 
might be asked “ Why is the regulator still necessary?” Actually, 
it is not as long as the hydraulic system drives the tool, but when 
the tool must be restrained from running away, regulation of pump 
pressure will not help, and the pressure regulator is required to 
take care of this condition.
Again the efficiency may be considered for the same example as 
before. At first the efficiency is (1/2 x i/2) /  (1 x V2 ) or 50%,—twice 
what it was, and with the tool in the hard spot, the efficiency is 
(V2 x % ) /  (1 x 3/ i)  or 50%. That the efficiency should remain con­
stant is evident from the fact that the term L /P  has become constant. 
This leaves the efficiency dependent solely on the feed rate.
Of course this system is not complete since in practice directional 
control valves and other units are required. There are entirely 
different and better ways of accomplishing the result, but this ex­
ample serves as a good illustration of a way of thinking.
One more example of a mechanical hydraulic gadget will be 
given, which was of considerable importance in war time. Large 
amounts of hydraulic equipment were used on combat aircraft. In 
general, landing-gear retraction, wing-flap extension, bomb-door 
actuation, gun-turret control, surface-control boosters, brakes, and 
sometimes other services were hydraulically operated. Unfortunate­
ly, enemy action sometimes would break a hydraulic line and all 
the fluid would be lost, which left the crew only laborious, separate, 
emergency means of operating these services. I t  might be that the 
broken line was in some relatively unimportant service but its 
failure made the whole hydraulic system inoperative. Hence, an 
intensive search was begun for something which would act in a 
hydraulic circuit as a fuse acts in an electrical circuit. Thus the 
name “ hydraulic fuse”  was bom before there was anything to 
which to apply it. The problem was not as simple as it looked. It 
seemed that valves might be put in the pressure lines which would 
close if the pressure fell below some predetermined value. How­
ever, the valve could not distinguish between normal and abnormal 
causes of pressure drop. This failure illustrates a common “ blind 
spot” . Too many times a device is expected to use more reasoning 
ability than its designer possesses.
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Several different attacks proved equally fruitless until an attack 
was tried which made use of the fact that in nearly every self- 
respecting hydraulic system there is a return flow concurrent with 
the pressure flow. If this return flow failed, there must be a break 
through which fluid escaped. This attack produced an effective 
answer and many thousands of such “ fuses” were used. Fig. 6 
shows how this fuse works. There may be several valves in a parallel
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connection but if all are closed just one of them may be considered. 
Pump pressure will be maintained in both the “ pressure in ” and 
“ pressure out” lines since there h  no flow. Now if the selector 
valve is opened, the pressure in the “ pressure out” line will fall. 
This cannot be made up through the poppet valve because it is 
closed. However, pump pressure is applied to the left end of a 
piston in a displacement cylinder. The other end of this cylinder 
is connected to the “ pressure out”  line so there is a pressure dif­
ferential across the piston. The piston moves to the right thus 
displacing fluid to the “ pressure out” line. This fluid goes through 
the selector valve and to the operating cylinder which starts the 
desired motion. The return fluid from the cylinder goes back 
through the selector valve and acts on a return piston valve in the 
fuse. This piston must move downward and uncover the “ return 
out”  port before the fluid can escape to the reservoir. In so doing 
it opens the pressure poppet and flow continues through that to 
the operating cylinder. Now that the pressure poppet is open the 
pressures on both sides of the displacement piston are substantially 
equal and the spring returns the piston so it is ready for the next 
operation. Now, if one of the lines connected to the cylinder breaks,
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the fluid will go overboard and there will be no return flow acting- 
on the return piston. I t  will move up under the load of the spring 
plus the force of the pressure in the pressure end acting on the 
push rod. That permits the poppet to reseat. The displacement 
piston will advance to the end of its stroke and then flow will cease. 
Only a very little more fluid than was contained in the displace­
ment cylinder (about 4 cu. in.) has been lost. The displacement 
piston only moves far enough to displace enough fluid to move the 
return piston valve. This normally takes about cu. in .; however, 
the volume is made large enough so that if there were a little air 
in the system it would be taken care of. Having tried one hydraulic 
operation and finding that that circuit was “ out” the pilot has 
only to leave that selector valve where it is shut off in neutral 
position, reset the fuse by manually opening the pressure poppet 
whereupon the displacement piston returns, and he can then use 
all the other hydraulic controls just as though there had been no 
trouble. The only function which would have to be performed by 
emergency means would be the one which had been damaged.
A more important subject—Research Problems—will be con­
sidered next. Just as each branch of engineering has its own par­
ticular research problems, the mechanical hydraulic engineer has 
his. In addition there is the all important problem of basic research 
into the pure theory behind the work of all fields. The writer can 
make no suggestions as to the direction this can take, but it is 
necessary. The other suggestions the writer might make for re­
search projects are related much more closely to his own than to 
the Civil Hydraulics field.
The characteristics of the best possible hydraulic fluid should 
be determined, and then one or more closely approaching this ideal 
should be developed. A lot of work has been done to develop a 
fluid but the writer feels that most of it has been done by men who 
are biased, perhaps unconsciously, in favor of one base. Apparently 
the requirements are not known exactly, and certainly the develop­
ment should be undertaken by idealists with no axe to grind.
I t is also necessary that better packings be developed. Anyone 
who has had packing experience will admit that of the hundreds 
of packings now known, none are really good. This problem, in 
the w riter’s opinion, requires the attention of men who are not in 
the ru t of conventional thinking.
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A study should be made of the suitability of materials to use in 
hydraulic equipment. There are some factors such as corrosion 
resistance and homogeneity which are more important here than 
in most other industries. An outstanding example is that of de­
termining the requirements for surface quality of hydraulic parts, 
particularly those surfaces traversed by packings. I t  is known that 
a rough surface quickly wears out packings, but, strangely enough, 
too smooth a surface tears them up. This should be correlated with 
work on production methods of measuring surface quality and 
maybe even of production methods of reproducing desirable qual­
ities. Much work has been done on this but, so far, most of it has 
been either too “ theoretical” or too “ practical” to be of maximum 
value.
There should be more work on the effects of transient phenomena 
in hydraulic systems. Strange things occur. For example, the 
writer has seen tubes blow out of fittings in an airplane, an effect 
which at first could not be duplicated in the laboratory. It 
happened repeatedly so could hardly have been charged to a de­
fective tube. Even though extreme measures were taken to have 
everything right, still it happened. Tubes tested by suddenly apply­
ing pressure would burst, but the fitting would stay on. Finally 
it was shown by means of strain gages, electronic amplifiers, and 
an oscillograph that shock waves of enormous magnitude were pres­
ent. The whole thing was over in about l/100th of a second, but 
during that time there occurred about five surges having peak 
pressures three times the bursting strength of the tubing. These 
hammer blows drove the tube out of the fittings but did not persist 
long enough to burst it. The effect was duplicated subsequently 
with a hammer, and after the circuit was changed, the trouble 
vanished.
Men of imagination and daring could do much to develop new 
types of hydraulic circuits. Possibly circuits having the character­
istics of alternating current will be evolved. Perhaps simpler 
pumps, smaller lines, hydraulic transformers would eventually 
result.
There are many problems in large power circuits. If  a valve 
is closed quickly on even a 20-HP circuit, the result is disastrous.
Finally new methods should be found for the critical control of
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hydraulic circuits. Much has been done, but no one would seriously 
contend that perfection has been attained.
Now, in the event that any, some, or all of these projects are 
undertaken, the most important project of all has not been men­
tioned. All real men have an inner urge to benefit society—to leave 
a better world to their children. I t  may not be a bluntly-stated, 
consciously-held notion but it is none the less real. Captain Saun­
ders has stressed the need for cooperation between scientists 
and engineers in order to make progress. This brings up the most 
important project of all—Methods of presenting theoretical concepts 
to the man who will use them should receive serious attention.
The writer is frequently brought up short by the, to him, com­
pletely mysterious meaning of some equation which the research 
man or mathematician who evolved it blandly assumed any one 
would know. Many years of experience in the world of business 
in engineering have convinced the writer that he is not alone in 
this predicament. I t  is time that everyone overcame the ostrich­
like attitude which leads to complacency. Even though everyone 
has the feeling that these remarks do not apply to him, the facts 
should be faced honestly and objectively.
While undergraduates, engineers spoke much the same language, 
but even then there were two distinct groups and many in between. 
The first group thought primarily in mathematical terms. The 
second group in mental motion pictures. Of course, some appar­
ently didn’t think in technical terms at all. Where are the two 
groups now? The first, or mathematical, group is largely in re­
search or teaching and the second, or visualizing group, is in de­
sign, development, or application fields.
I t is essential that these groups get together. They are about 
equally important and neither can prosper or be of maximum 
benefit to society without the help of the other. In general the first 
group must go more than half way toward this meeting. There are 
real reasons for this. In the first place, the second group was en­
dowed with a different kind of brain and is incapable of rising to 
the mathematical level of the first group. Maybe that is an over­
statement. Perhaps it is only that they cannot rise to the same 
mathematical level without years of additional study. In the second 
place, most of the men in charge of engineering departments or 
manufacturing concerns, or the men of standing in the consulting
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field have been out of school for at least twenty years. During this 
time they have lost much of the mathematical facility they once 
possessed. This is to be decried, but it remains true. Actually, in 
the business world there is little occasion to use advanced math­
ematics and without use it atrophies. There are so many other 
problems that few men can afford the time to keep up their math­
ematics as a hobby.
Thirdly, many concepts are accepted and are taught to sopho­
mores today which were unheard of by the student of twenty years 
ago. Group one, the research men, have been the instigators of 
these new concepts and consequently are up to date. It should be 
remembered that the “ downtown centers” of today’s thought were 
the “ remote outskirts” of knowledge only yesterday.
Lastly, the first group has lived in a world of mathematics or 
at least a world completely surrounded by mathematical vistas. 
Their student-day facility has greatly improved.
Yes, facts force the research man to go more than halfway to 
meet his brother in the industrial field.
What can he do to start along the path to better understanding? 
Several things. First, and far most important, he must make a 
sincere effort to understand the viewpoint and the limitations of 
the man in this other world. It may be said that he is working 
too hard at his own job to take the time and doesn’t know too 
much about the other field. Bunk! If he doesn’t know there are 
thousands of well-seasoned, intelligent engineers he can ask. Any 
of them can explain a situation in a few minutes, whereas it will 
take months to reeducate them to the point where they will under­
stand the research men.
Second, less attention should be paid to the interesting parameter 
which has only obscure, intangible physical meaning. The writer 
realizes full well the value of dimensionless parameters when in­
telligently devised. However, the important consideration is their 
usefulness, and not the mere fact that they are dimensionless. Un­
less the computations involved in the parameter are much less com­
plex than the problem itself, by all means forget the parameter.
Third, the exact meaning of symbols used must be explained. 
Group two does not know that in some obscure paper a little-known 
professor defined p as a particular non-dimensional ratio of lengths.
Fourth, contributions should be made in simple statements easily
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applied by the “ practical”  man. The writer does not advocate 
omitting the derivation, evidence, theoretical background, or above 
all, the limitations of an equation. I t would be much better to 
include them and the general form of the equation, but in addition; 
several frequently occurring, special cases in simple form should 
be given even at the sacrifice of exactitude in the fifth or fourth, 
or even third significant figure.
The following example is a childishly simple illustration of the 
w riter’s idea, but nevertheless is valuable to the man who must 
watch costs; time, no matter how spent, is money. Not all men 
in an engineering department are college graduates; many are not. 
Frequently some man who never got through high school is the best 
designer in the place. Such a man may have little formal educa­
tion, but he grew up in a shop and knows manufacturing processes 
and limitations. He may have been a draftsman for many years, 
and hence can be relied upon to do a conscientious job of design 
and his product can be made at a minimum of cost. As a typical 
job, this man might be asked to design a hydraulic cylinder having 
one-inch bore, ten-inch stroke, and able to withstand an internal 
pressure of 10,000 p.s.i. Weight is very important and the barrel 
will be made of dural which can be stressed to 30,000 p.s.i. maxi­
mum—a simple problem.
Referring to his new handbook, the designer looks up a formula 
by which to calculate the wall thickness of the barrel, and finds 
the following three formulas:
Clavarino formula—
8  =
4r2 7?2
r2P -  R2P 0 +  (P-P„) (la)
3 (7?2—r2)
Lame formula—
S =
r*P -  R2P 0 +  ^ - * ( P  — P„) (lb)
{R2 — r2)
Thin cylinder formula-
(lc)
Obviously, he will use the third formula (Eq. 1 c). The cylin-
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der was to be light and have a thin wall, in fact an older hand­
book would have given only the formula S =  P r/t.  What do 
these formulae mean! Starting with the third, the thin-cylinder 
formula takes no account of the longitudinal load which occurs 
when the piston bottoms in the front end of the cylinder. Lamé’s 
formula is general, but it gives only apparent stresses. Clavarino’s
THIN  C YLIN D ER  t = | |  -------------------
L A M E  f = [ ( - § r f r )  ~  U ----------------------
CLAVAR IN 0  \  =■ 3 \ - - \  [ ( i l - 4tb ) /Z "  ' ]
CLAVAR.NO A-
.02 .03 .04 .05 .06.07 .1 p
"S
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formula also is general. It takes account of end load, inside 
pressure, outside pressure, and thickness. I t  also takes account 
of Poisson’s ratio (the only form given is that corresponding to 
a ratio of % ), and it gives true stresses.
This design problem is a special case, since there is no outside 
pressure. However, it is the particular special case which occurs 
more than 90% of the time and the three formulas have been plot­
ted in Fig. 7 for this case. The fourth curve is for Clavarino’s equa­
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tion when Poisson’s ratio is 14 . To make them as easy as possible 
to use, the coordinates are two real ratios. At the bottom is P /S ,  
that is, internal pressure over allowable stress in the material. The 
designer knows both these figures so their ratio is very easily ob­
tained. The vertical coordinates are the ratio t /d .  The designer 
knows the inside diameter, so he has only a single multiplication 
to get his answer. The curves cover only a limited range, but a
s
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larger range is unnecessary because smaller ratios of t /d  cannot be 
fabricated readily and larger ratios rapidly approach solid metal 
with no hole.
Inspection of the curves reveals that the thin-cylinder formula 
is slightly more conservative than the Clavarino formulae for ratios
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of t / d  of 0.065 or less. Above that the Clavarino formulae are pro­
gressively more conservative (and more exact). From this we see 
that no wall thicker than 6^2% of the I. D. of a cylinder can safely 
be considered “ th in” . Note that use of the thin-wall-cyliñder for­
mula in the example with P /S  — 0.3 gives a wall thickness of
0.15".
Lamé’s formula is of little interest since it does not give true 
stresses and Clavarino’s formulae for Poisson’s ratios of i/3 and
l/4 plot very close together. Hence, it is possible to make a single 
curve and avoid all decisions as to which to use. This is done in 
Fig. 8. Here the lower part is the straight line given by t =  Pd/2S. 
The upper part is the Clavarino formula for lambda =  Since 
these do not normally become tangent, a short transition curve 
is used to “ fa ir” one to the other. Use of this curve in the example 
yields a wall thickness of 0.18"; by working without the curve the 
designer came out with a cylinder wall 20% too thin.
Fig. 8 is extremely easy to apply. Admittedly it is neither per­
fect nor general, but it is useful for at least 90% of all problems 
involving the wall thickness of a pressure-containing member. Gen­
eral formulas are needed for the few general case problems, but 
the designer needs something simple for the usual special case.
The writer obviously does not have the academic viewpoint. 
Rather, he has the viewpoint of the engineer wrho starts out after 
six years of wrork in the best technical college in the country with 
high ambition and rosy dreams of a world run by theoretically 
correct solutions only to find that engineering processes do not 
necessarily conform to theory. The useful solution is the one which 
is economically most feasible, and economics is not restricted to 
power consumption, but also encompasses interest on the entire 
investment and maintenance charges.
Actually, the writer is in full sympathy with and wishes to pro­
mote the well being of the academician, because he is the man 011 
wThom the future depends. Maybe it will be of help to point out 
that if the research man will take thought of society as a group 
of individuals with different backgrounds, different aptitudes, and 
different limitations, he may lead faster and surer and thus en­
hance his value to the universe.
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PRESENT-DAY PROBLEMS IN RIVER HYDRAULICS 
Session Chairman: W. G. H oyt 
Executive Officer, Water Resources Commission 
U. S. Department of the Interior
I ntroductory  R em a r k s
The river hydraulics problems to be discussed here today, al­
though entitled “ present-day,” have interested and intrigued the 
writer for the greater part of his lifetime and no doubt will con­
tinue to intrigue and interest engineers for many years to come.
The first speaker on the program this morning, Professor E. W. 
Lane, Associate Director, Iowa Institute of Hydraulic Research, 
is considered by many engineers as the outstanding authority on 
problems relating to the transportation and deposition of sediment. 
He has devoted all of his technical career to problems related to 
river control. His early work was with the Miami Conservancy 
District. He was connected with the studies leading up to the 
Jadwin Flood Control Plan for the Lower Mississippi River. He 
is familiar with river problems in China and, more recently, has 
specialized in work dealing with the transportation and deposition 
of sediment in streams in the Southwest in connection with work 
of the Bureau of Reclamation and Corps of Engineers. Professor 
Lane is thus able to draw upon a vast amount of experience as a 
background for his paper on the subject of bend cut-offs in rivers.
The second and third papers on this general topic relate to the 
Missouri River. Within the Missouri River Basin are all the prob­
lems associated with river hydraulics in their most aggravated 
form. This fact may have been a compelling one in the minds of 
Dean Dawson and his associates when they arranged this interest­
ing and instructive program. The Iowa Institute of Hydraulic 
Research has long been noted for its capacity to assimulate difficult
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problems, and this morning’s session is in keeping with its high 
standards.
The Missouri River has been accurately described as one “ that 
goes traveling sideways, that interferes in politics, rearranges 
geography, and dabbles in real estate.” It has all of these character­
istics and many more, unfortunately most of them bad. In its 
strictest sense the Missouri River and its tributaries are an unstable 
resource embracing all or parts of 10 States and directly or in­
directly affecting the welfare and happiness of each of the 8 million 
inhabitants of the basin. From the days of Lewis and Clark to those 
of Pick and Sloan, floods and droughts of such magnitude that they 
have affected our national prosperity and security have taken their 
toll.
Fortunately, the purpose of this meeting is not a discussion of 
“ by whom and how” this vast unstable resource can be best de­
veloped or controlled for the use and convenience of man. The 
policies concerning these questions have been fixed by the Congress. 
There may not be complete agreement with the present Con­
gressional policy, but until it is changed it is anticipated that the 
old-line agencies, working in close coordination and cooperation 
among themselves and with States and local institutions, will con­
tinue their operations under the general framework of a plan ap­
proved by the Congress—a plan that embraces all feasible beneficial 
uses of water, including navigation, irrigation, production of power, 
domestic water supplies, abatement of stream pollution, silt control, 
fish and wildlife preservation, and recreation.
The Missouri Basin plan of operation will succeed or fail, de­
pending on two things: first, the degree of cooperation and co­
ordination that can be achieved between the operating bureaus and 
agencies, and second, the degree to which an over-all plan of de­
velopment meets the needs of the Nation and of the people of the 
basin. The success of the plan of development will depend on the 
degree to which the complicated hydraulic and hydrologic prob­
lems of the basin can be solved.
Mr. Riter is especially well qualified to describe the plan and 
problems in using the Missouri River for irrigation and hydraulic 
power. Mr. Riter received his technical training at the Utah State 
College, received the degree of B.S. in Geology in 1926, and B.S. 
in Engineering in 1928. Practically all of his professional career
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has been with the Bureau of Reclamation on problems immediately 
connected with irrigation and power development throughout west­
ern States. Mr. Riter as chief of the Hydrology Division, Branch 
of Project Planning in the Bureau, is most intimately associated 
with the plans for irrigation and hydroelectric power development 
on the Missouri River.
The control of floods 011 the Missouri River will be discussed by 
Mr. F. B. Slichter, Head Engineer, Missouri River Division, Corps 
of Engineers. Mr. Slichter has been with the Corps since 1928 
when he joined the organization in the Kansas City District Office, 
in  addition to his technical duties in the Division Office in Omaha, 
Mr. Slichter is also Secretary of the Missouri Basin Inter-Agency 
Committee, a committee composed, as you know, of four members 
representing the Corps of Engineers, the Federal Power Commis­
sion, the Department of Agriculture, and the Department of the 
Interior. In addition, four governors represent the interests of the 
10 States in the Missouri Basin.
Mr. Slichter’s paper will cover the “ Pick P lan” for the control 
of floods on the Missouri River. This plan, as developed by Brig. 
Gen. Lewis A. Pick, was approved by the Congress in the Flood 
Control Act of 1944 as a part of the coordinated plan now generally 
referred to as the “ Pick-Sloan P lan” for the comprehensive de­
velopment of the Missouri River Basin. The flood control features 
consist essentially of a system of reservoirs on the Missouri River 
upstream from Sioux City, Iowa, a system of reservoirs in the 
tributaries of the lower basin, and a system of levees along the main 
stem of the Missouri. Mr. Slichter’s paper will deal principally with 
the major floods of record and will indicate the part played by each 
feature in the Pick Plan of development in controlling floods and 
alleviating flood damage.
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THE EFFECT OF CUTTING OFF BENDS IN RIVERS
E . W . L a n e  
State University of Iowa, Iowa City, Iowa
I ntroduction
From very early times it has been believed that the height of 
floods in crooked rivers could be reduced by cutting off the bends 
and straightening the channel in order that the water would flow 
faster and not rise to such great heights. Although the results were 
usually beneficial, in some cases where they have been used cutoffs 
have increased damage in one locality while reducing it in another, 
thus possibly causing a net damage rather than a benefit. Since 
the cause of these unexpected effects was not well understood, a 
great deal of controversy arose over the desirability of improving 
flood conditions by bend cutoffs and this discussion has continued 
down to the present date. The problem is somewhat complex since 
there are a number of factors which must be considered. A number 
of discussions of the subject have been printed, the best probably 
being that of the late Professor G. W. Pickles [1], but all of them 
appear to omit some important factors. In this paper an attempt 
is made to cover all the most important ones. The treatment starts 
with the simplest case and then proceeds to the more complex ones.
E ffe c t  of a  Cu t o ff  W it h  S teady  F low  a n d  a 
N o n -E rodible Ch a n n e l
From the standpoint of analyzing the effect of bend cutoffs, the 
simplest case is a single bend, where the material in which the 
stream flows is non-erodible, and the discharge of the stream is 
steady.
Consider, for example, the stream in Fig. 1, which flows around 
a bend with surface and bed profiles, before the cutoff is made, 
sloping uniformly as shown. If  a cutoff is made across the neck 
of the bend, the bottom profile is changed to that labeled “ River-
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Bottom After Cutoff” , in which the elevations at the ends of the 
cutoff are those of the corresponding points 011 the original bend. 
The water surface below the lower end of the cutoff is at the same 
elevation as that below the lower end of the bend before the cutoff 
since it is determined by conditions downstream, which have not 
changed. Beginning at the lower end of the cutoff, the depths of 
flow are less than they wrere in the stream before the cutoff, the 
lowering gradually decreasing in an unstream direction as shown. 
The effect on the water surface of a cutoff in a non-erodible channel 
with steady flow is, therefore, only to lower the water surface up-
F ig . 1— E f f e c t  o f  a  C u t o f f  i n  a  N o n -E r o d ib l e  C h a n n e l .
stream from the lower end of the cutoff, the amount gradually 
decreasing upstream. The magnitude of this effect can be readily 
determined by a backwater computation.
C u t o f fs  W it h  V ariable F low  an d  N o n -E rodible C h a n n e l
If  the flow of the stream is variable, as is usually the case in 
natural streams, storage effects enter in and modify the conditions 
described in the preceding case. If it is assumed that above the 
bend of Fig. 1 the bottom land was wide and, before the cutoff 
was made, it was flooded to the level shown in the initial profile
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of the water surface, the cutoff would lower this water level some­
what, and the bottom land would not be flooded as deeply as be­
fore. If the inflow into the river from the tributaries above the 
cutoff is the same, both before and after the cutoff, and the storage 
in the bottom land is less after the cutoff, the rate of flow through 
the cutoff must increase in order to discharge the flow previously 
carried in addition to the amount supplied from this reduced stor­
age. This increased rate of flow produces higher water levels in 
the stream downstream from the cutoff. It is also possible by en­
gineering methods to approximate the amount of this increase in 
discharge and depth of water downstream [6]. This increased 
stage below would cause a backwater effect extending up through 
the cutoff, which would make the lowering of the surface upstream 
less than would occur with steady flow.
Another effect of the cutoff will be to cause the peak or highest 
stage of floods to come earlier below the cutoff than it would have 
if there had been no cutoff. This change of timing may either in­
increase or decrease the rate of flow in the channel downstream 
from the flood. If there are tributaries below the cutoff that bring 
their maximum discharge into the river before the maximum rate 
flow is reached by the river itself, causing the maximum river flow 
to come earlier will make it come at a time when the tributary flow 
is greater. The flow downstream from the mouth of the tributary, 
being the sum of the main river and tributary flows, will thus be 
increased, and the stages reached by the flood will, therefore, be 
higher. If, however, the maximum tributary flow without the cut­
off comes into the river after the maximum flow in the river was 
reached (a less common case), the cutoff, by causing the river peak 
to be earlier, would cause the tributary flow7 to come in at a time 
when the tributary flow7 was smaller and would, therefore, reduce 
discharge rates and stages downstream from the tributary. These 
synchronization effects would also have backwater effects upstream 
from the cutoff. Summarizing these possibilities, it may be said 
that the effect on the height of a flood of a cutoff in a non-erodible 
channel under variable flow conditions is to reduce the height up­
stream from the lowTer end of the cutoff, but probably not as much 
as would result if the flow was steady, because of storage and syn­
chronization effects. Downstream from the cutoff, the result is a 
combination of the raising due to the greater discharge caused by
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the reduction in storage above the cutoff and the increase or de­
crease of flow due to the peak synchronizations.
It should always be remembered that while these changes re­
sult from a cutoff, the magnitude of them is the important fact 
from a practical standpoint. In some cases, they may be large 
enough to be important and in other cases the magnitude may be 
insignificant, and can, therefore, be ignored. This can only be de­
termined by quantitative studies.
E ffe c t  of a S eries of Cu t o f fs
The effect of a series of cutoffs on the same stream can usually 
be determined approximately by adding the effects of the cutoffs 
determined individually. If  the cutoffs are close together, the action 
is usually similar to the cutoff of a single large bend. For con­
ditions of steady flow and non-erodible channel, the effects can be 
accurately determined by working a backwater curve upstream 
from the lower end of the cutoff farthest downstream in the same 
way as for a single cutoff. Where storage effects or synchronization 
of tributary flows are of considerable magnitude, the best solution 
may be obtained by the construction of a hydraulic model. In cases 
where changes take place in the stream bed, it may be necessary 
to run the models a very long time to simulate these conditions.
C h a n g e s  in  E rodible C h a n n e l s
The changes which take place in erodible channels due to cutting 
off bends may be divided into two classes (1) immediate changes, 
and (2) long-period changes. The first of these occurs immediately 
or within a short time after the cutoff is completed, and long period 
changes are those which take place gradually over a period of con­
siderable length, in some cases over a very long period of years. 
Except for the local changes which may occur during the enlarge­
ment of the cutoff channel from the changed direction of the cur­
rents due to the cutoffs, and from the deposits of the material 
scoured from the cutoff, the immediate changes which occur in an 
erodible channel due to a cutoff are the same as those which would 
occur in a non-erodible channel, since there has been insufficient 
time for the other changes due to erosion to take place.
In discussing the long term changes, it seems best to treat the
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general case first and then consider how it is sometimes modified 
by the existence of non-erodible controls, the presence of large 
sediment storage space, or by the presence of large streams which 
would carry off the sediment. For the general case, it may be as­
sumed that a cutoff occurs in a single bend, as shown in Fig. 1, 
in a stream with erodible sand or gravel bed, where the stream 
before the cutoff was not changing its flow capacity substantially 
from year to year. Neglecting the effect of the material, if any, 
which was removed to produce the cutoff, the conditions in the 
stream immediately after the cutoff are the same as those in the 
case of the non-erodible stream previously discussed. The bed, 
ABCD, of the river after the cutoff given on Fig. 1, is reproduced 
in Fig. 2 and also the surface profile EFGr. Consider first the reach
E
above the cutoff. The slope and velocity of the water above the 
cutoff is increased as compared to that existing before the cutoff 
was made, and the stream can carry a greater load than it was 
carrying. Because the stream at this point has a capacity to trans­
port material in greater amount than the load brought down to 
it from above, the water picks up material from the stream bed 
and carries it downstream. Below the cutoff, however, the slope 
and velocity of the river is unchanged, and it is able to carry con­
tinuously only the amount carried before the cutoff. The excess 
over the load carried before the cutoff, which was taken up from 
the bottom upstream from the cutoff, is, therefore, deposited below 
the cutoff. This excess is not dropped immediately but is deposited 
in gradually decreasing quantities downstream from the cutoff. 
This results in a profile of the bed AB'C'D which causes some in­
crease in slope downstream from the cutoff and a spreading of the 
deposits still further downstream. As the movement continues, the 
bottom downstream from the cutoff continues to be raised and this
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effect also extends farther and farther downstream as shown by 
the profiles AB"C"D and E"F"G. The cutting down of the stream 
bed upstream from the cutoff gradually increases in depth and ex­
tends farther upstream causing a lowering of the water surface 
elevation in this section to an elevation lower than that which would 
result from the cutoff if the bottom was non-erodible; the lowering 
effect also extends farther upstream. The raising of the bottom 
below the cutoff causes a raising of the water level downstream from 
the cutoff which extends a considerable distance downstream. After 
the river has had a long period of time to adjust itself, the maxi­
mum lowering above the cutoff occurs just upstream from the cut­
off and approaches half the amount of the increased fall due to 
the cutoff. The maximum rise of water surface occurs just below 
the cutoff and approaches half the increased fall.
The foregoing discussion gives the results for the most general 
cases, but special circumstances sometimes exist which change the
situation sufficiently to produce quite different results. For ex­
ample, if there was a large lake just downstream from the cutoff, 
as shown in Fig. 3, the sediment taken up from the bed upstream 
from the cutoff would be deposited without raising the river bed 
appreciably at the lower end of the cutoff. In this case, there would 
be little rise of the water surface below the bend, but the lowering 
of the bed upstream from the bend would be larger than in the 
general case shown in Fig. 2. A similar result would occur if the 
stream in which the cutoff occurs discharges just below the cutoff 
into a large stream which can carry away the sediment brought in. 
The same effect would also be produced by a rapids or waterfall 
in the stream just below the cutoff.
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Another condition would result if there was a dam, rapid, or 
waterfall across the river bed just upstream from the cutoff, and 
normal river conditions existed downstream from the bend as shown 
in Fig. 4. Under these circumstances, the river bed upstream from 
the cutoff would be lowered only to this control and the quantity 
of material moved downstream in excess of that carried by the
normal stream would be so small that it would cause very little rise 
in the bed downstream from the cutoff. The result would be lower­
ing of the water level upstream from the bend similar to that shown 
in Fig. 2, except that the lowering will extend upstream only to 
the control and a smaller rise of water level would occur below 
the cutoff.
A third variation is also possible ; namely, a combination of sedi­
ment storage capacity, larger stream, or waterfall downstream 
from the cutoff, and a dam, rapid, or waterfall just upstream as 
shown in Fig. 5. In this case, the water surface upstream from the 
cutoff would be lowered considerably up to the control, beyond 
which there would be no effect, and would be raised a small amount 
down to the control downstream. The farther these controls are 
from the cutoff, the more nearly these conditions will approach 
those shown in Fig. 2.
A ppl ic a t io n  of t h e  F oregoing P rin ciples
Probably the most important aspect to be considered in apply­
ing the foregoing principles is the time factor. For engineering 
purposes, it is usually necessary to apply the principles quantative-
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ly. A very important question is “ How rapidly will the change 
take place?” If it will become important in fifty years or less, it 
will probably be of interest to the engineer, but if it will not reach 
noticeable magnitude for several hundred years, it will be of in­
terest to the geomorphologist only. The principles will be the same, 
but the significance of the action will be different.
In non-erodible channels, the changes will take place as soon as 
the cutoff occurs. Under favorable conditions, the changes result­
ing from bed movement can take place with relative rapidity, and 
become important in a few years. Under others, they may take 
centuries to become noticeable. In order to predict future con­
ditions it is necessary to make quantitative solutions of this rate of 
change. This is frequently difficult because our knowledge of the 
laws of sediment transportation is not satisfactory. In general, 
changes on streams with steep slopes carrying heavy sediment con­
centrations take place relatively quickly, while those in flat streams
carrying light sediment loads take place slowly. The science of 
sediment transportation is advancing so rapidly that there is reason 
to hope that in a few years much better solutions will be possible. 
It is believed, however, that for these better solutions a knowledge 
of the basic principles herein described will be as necessary as they 
are today.
http://ir.uiowa.edu/uisie/31
E x a m p l e s  of t h e  E ffect  of Cuto ffs
A famous example of cutoffs are those on the Tisza River in 
Hungary [2]. Here 112 cutoffs were made, shortening the river 
283 miles in an original length of 746 miles, or 32% This work was 
carried out nearly a century ago. As the cutoffs were accompanied 
by extensive levee construction, the effect of the cutoffs on dis­
charges cannot be separated from the effect of the levees. The river 
bed has been lowered at various points as much as 7.4 feet. Because 
of the presence of the Danube River just below the cutoffs, no rise 
of the bottom downstream from the cutoffs has occurred.
To citizens of this country, the most interesting and important 
examples of cutoffs are those on the Mississippi River. Since 1929, 
15 cutoffs have been made, reducing the length of the river by 140 
miles. Between the mouth of the Arkansas River and Baton Rouge, 
there are thirteen cutoffs reducing the length 112.3 miles in 330.6 
miles, or 35%. Flood heights at the upper end of this stretch have 
been reduced as much as 4.5 feet. Some increase in peak discharge 
has been observed. The principles previously outlined indicate that 
if the straightening of the river is maintained and no other changes 
made, assuming that the river before the cutoffs was in substantial 
equilibrium, eventually some raising of the bed downstream will 
occur. So far as known no rising has been observed, indicating that 
this effect, if it is occurring, is taking place so slowly that it may 
be many years before it becomes large enough to be significant.
The results of cutoffs are not always so favorable. At the lower 
end of the Sangamon River in Illinois and the Wyconda, Fox, and 
Salt Rivers in Missouri, the stream bed below the cutoffs has been 
raised and this effect, together with the increase in peak discharge 
caused by the reduced storage, has caused considerably more flood 
damage in this vicinity than would have occurred had cutoffs not 
been made. Extensive cutoffs on tributaries to the Missouri River 
in Missouri and Iowa have resulted in a lowering of the beds of 
these streams and greater peak flood discharges. The cutoffs usually 
extended down to the Missouri River, and as this stream is large 
enough to store or carry away the increased load of sediment 
brought down, no rising of the bed of these tributary streams has 
resulted. A similar case of lowering of the stream bed occurred 
above the cutoff of a small stream near Cape Girardeau, Missouri 
[4]. The cutoff was near the Mississippi River, which prevented a
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rise of the stream bed below the cutoff. Another interesting case 
of cutoffs was that which occurred 5 miles below Laguna Dam on 
the Colorado River. The river here had a slope of 1.2 ft. per mile 
and this cutoff shortened it 6 miles. In a period of 3 years, this 
caused a lowering of the tailwater at the Laguna Dam of 7 ft. 
Lowering farther upstream was prevented by the fixed crest of 
the dam, and the sediment removed due to the bed lowering in the 
five miles of river between the cutoff and the dam was not sufficient 
to cause an appreciable raising of the bed downstream from the 
cutoff.
I m po rtance  of t h e  T im e  F actor
In conclusion, it is desirable again to point out the necessity of 
considering the time factor in cases of erodible channels, since fail­
ure to do so may lead to entirely unsound conclusions. The effects 
of a cutoff which are important are those which will occur in the 
time interval under consideration and depending on the particular 
conditions, these may resemble closely or may widely differ from 
those which will occur ultimately. In channels which will enlarge 
only slowly, the effects in the time under consideration are often 
close to the effects which will occur in a non-erodible channel. In 
considering the changes from the standpoint of a morphologist, 
however, the important changes are likely to more nearly approach 
the ultimate effect.
Under favorable conditions, changes in river levels may occur 
with great rapidity. Todd and Eliassen [5] mention a lowering 
of the bed of a 30 mile stretch of the Yellow River a maximum of 
30 ft. and an average of 15 f t . ; this took place in 12 hours with 
an average flow of 300,000 cfs, representing a movement of ap­
proximately a quarter of a billion cubic yards of material. Al­
though this was probably not due to cutoffs, it serves to illustrate 
the rapidity with which rivers can change their bed levels due to 
a change in their sediment loads. Changes of somewhat comparable 
rapidity might result from bend cutoffs in some cases, while in 
other cases the change would be so slow that it would not be notice­
able. The problem of predicting the rate of change due to cutoffs 
is likely, in many cases, to be more difficult than determining the 
nature of the change.
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USING THE MISSOURI RIVER FOR IRRIGATION AND 
HYDROELECTRIC POWER DEVELOPMENT
J o h n  R . R iter  
Bureau of Reclamation, Denver, Colorado
I ntroduction
The Missouri River Basin occupies about 530,000 square miles 
or y6 of the total land area of the United States. I t  covers all or 
parts of 10 states: Montana, North Dakota, South Dakota, Minne­
sota, Wyoming, Nebraska, Iowa, Colorado, Kansas, and Missouri.
Originating on the high mountainous slope of the Continental 
Divide in Montana, the Missouri flows toward the east through 
Montana into North Dakota, then to the south into the central part 
of South Dakota, and Anally in a general southeasterly direction 
to the Mississippi River at St. Louis, Missouri. The principal tribu­
taries from the West similarly originate in the mountains of the 
Continental Divide and flow to the east to join the Missouri River. 
The watershed elevation varies from mountain peaks exceeding
11,000 feet to about 400 feet at St. Louis. In its course from the 
headwaters in the high mountain areas of the Continental Divide 
to its mouth, the river and its principal Western tributaries pass 
successively from areas with annual precipitation (mostly snow) 
exceeding 40 inches through arid areas of scant rainfall (less than 
10 inches annually) into the great plains where rainfall increases 
generally towards the East, amounting to about 40 inches annually 
at St. Louis.
The water of the stream in the mountain areas is supplied mainly 
from the melting of snows accumulated during the winter months 
and is augmented by rains in the easterly portion of the watershed. 
The rate of streamflow in the basin is extremely variable, ranging 
from floods of several hundred thousand cubic feet per second on 
the main stream to negligible flows on many of the tributaries dur­
ing the dry summer months. The Missouri and its tributaries pre­
sent a wide variety of problems, ranging from the control of its
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floods for the prevention of damage to life and property to the 
regulation and diversion of its waters to augment the low water 
flow in periods of drought. The problems include, but are not 
limited to those of irrigation, municipal supply, navigation, flood 
control, pollution abatement, sediment control, recreation, wildlife 
conservation, industrial water supplies, and power development. 
Mr. Slichter’s paper will discuss flood control while the w riter’s 
presentation will be concerned with irrigation and hydroelectric 
power.
I rrigation
Irrigation may be defined as the artificial application of water 
to agricultural land. In the arid West, irrigation is recognized as 
an absolute necessity to a successful agricultural economy. In the 
semi-arid or sub-humid areas irrigation is highly desirable to assure 
dependable crop production every year. In many parts of the 
West, remnants of irrigation canals have been found indicating 
that pre-historic Indians practiced irrigation. Records show that 
irrigation has been practiced along the Rio Grande in New Mexico 
and Texas for at least 400 years.
In the Missouri Basin, irrigation has been employed since the 
early 1860’s when portions of this basin were first settled by home- 
seekers. The early homeseekers found irrigated agriculture to be 
profitable. The first large colony of white men in the basin, spon­
sored by Horace Greeley, settled on the Cache la Poudre River, 
a tributary of the South Platte about 50 miles north of Denver, 
Colorado, in 1870.
The history of development in that area is typical of irrigation 
development in the arid portions of the Missouri River Basin. The 
early settlers began the construction of canals at once. The first 
ditches watered only the bottom lands, but it was soon found that 
the uplands were susceptible to irrigation and gave returns as 
great as the bottom lands. The early ditches were low-cost develop­
ments and were constructed by individual effort. As irrigation 
expanded and as the problems of securing and diverting water be­
came more difficult, cooperative enterprises were organized. To 
overcome successively greater problems, irrigation companies and 
districts were organized to secure outside private capital.
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Following the passage of the Reclamation Act in 1902, federal 
funds were used in the construction of irrigation works. By 1930, 
the irrigated acreage in the South Platte River Valley in Colorado 
had expanded to nearly 1,250,000 acres and severe shortages of 
irrigation water were experienced in many years. To alleviate the 
shortages on about 615,000 acres centering near Greeley, Colorado, 
the Bureau of Reclamation is now constructing the Colorado-Big 
Thompson Project. This project involves the construction of three 
reservoirs in the Colorado River watershed in northwestern Colo­
rado, a tunnel 13 miles long through the Continental Divide and 
a system of aqueducts, power plants and reservoirs in the South 
Platte Basin to control and divert some 300,000 acre feet of water 
annually from the Colorado River Basin. Active investigations are 
now under way for additional projects to supplement the water 
supply of the South Platte River by transmountain diversion from 
the upper Colorado River watershed.
Irrigation development in the Missouri River Basin, including 
the Platte, expanded rapidly until about 1919 when some 4,000,000 
acres were irrigated. Since that date, it has expanded more slowly. 
Most of the present irrigation development has been accomplished 
through individual effort and has been financed by private capital. 
Because the more easily developed water is already being used, any 
future irrigation developments will depend upon the construction 
of costly reservoirs and irrigation systems. Thus, it is expected 
that most of the future irrigation development will be financed 
by the Federal Government.
R eclam atio n  P ro jects  in  M issouri R iver B a sin
The Reclamation Act of 1902 authorizes the Secretary of the 
Interior to investigate, design, construct, and operate projects for 
the irrigation of arid lands in the 17 Western States. Funds from 
the sale of public lands, augmented by revenues secured from oil 
and other mineral deposits in the Western States, are placed in 
a special fund termed as the “ Reclamation fund.” These funds, 
together with other funds in the general treasury, are used, pur­
suant to Congressional appropriations, for the construction of 
reclamation projects. The Bureau of Reclamation now has under 
construction or operation 16 projects authorized by Congress within
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the Missouri River Basin, exclusive of the recently authorized 
“ Missouri River Project,” which will be described subsequently.
E x i s t i n g  R e c l a m a t io n  P r o j e c t s  
( E x c lu s iv e  o f  “ A u th o r iz e d  M is s o u r i  R iv e r  P l a n ” )
Name Location
Acreage
Irrigated
1944
Future Acreage 
To Be Served
New
Land
Supplemen­
tal Supply
Buffalo Rapids #1 Montana 12,000 2,200
Huntley Montana 24,000 6,000
Milk River Montana 58,000 91,000
Sun River Montana 75,000 22,000
Lower Yellowstone Mont.-N. Dak. 48,000 9,000
North Platte (1) (3) Wyo.-Nebraska 195,000 41,000(4)
Belle Fourche South Dakota 29,000 43,000
Riverton (3) Wyoming 39,000 3,000
Shoshone (3) Wyoming 59,000 56,000
Buford-Trenton North Dakota 15,000
Buffalo Rapids #2 Montana 11,000
Rapid Valley (2) South Dakota 12,000
Intake Montana 800
Kendrick (3) Wyoming 66,000
Mirage Flats Nebraska 13,000
Colorado-Big Thompson (3) Colorado 615,000
TOTALS 539,000 379,000 627,000
(1) Also supplements supply for 100,000 acres privately developed.
(2) Also supplies municipal water supply to Rapid City.
(3) Power Development also involved in project.
(4) Includes some lands on which irrigation was discontinued many years 
ago.
H ydroelectric P ow er  D ev elo pm ent
With a stream system such as the Missouri, which has large flows 
and a total drop of more than 10,000 feet from the headwaters to 
its mouth, the possibilities for hydroelectric power development 
are tremendous. Because the area is relatively undeveloped in­
dustrially, only a very small percent of the potential power has 
been developed. The following table shows the present power de­
velopments in the Missouri Basin outside of the State of Colorado.
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P r e s e n t  M is s o u r i  B a s i n  P o w e r  D e v e l o p m e n t s
(Colorado not included*)
Kw.
Installation
(1944)
Million Kw.-hrs. 
Production 
(1941)
Private
Hydro 339,000 2,199
Fuel 402,000 1,192
Public
Hydro 221,000 388
Fuel 234,000 303
TOTAL 1,196,000 4,082
*The future power needs of the Missouri Basin in Colorado are expected to 
be served largely from hydroelectric power made available from authorized 
and prospective transmountain diversion projects in that State.
The present hydroelectric power development includes the fol­
lowing major systems:
On Missouri River Proper 
7 plants of Montana Power Company 233,500 kw.
Fort Peck (Built by Corps of Engi­
neers and operated by Bureau of
Reclamation) ....  .......... 35,000 kw.
On North Platte River
Seminoe (Built and operated by
Bureau of Reclamation) ..............  32,400 kw.
Guernsey and Lingle (Built and oper­
ated by Bureau of Reclamation) ................. 6,200 kw.
On Shoshone River 
Shoshone (Built and operated by
Bureau of Reclamation) __ ........... ......  5,600kw.
On Loup and Platte Rivers 
Nebraska Public Power Systems
Platte Valley Public Power and 
Irrigation District 
Central Nebraska Public Power and 
Irrigation District 
Loup River Public Power District
....... ...............................  137,000 kw.
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In  formulating plans for the future development of hydroelectric 
power in the Missouri River Basin, attention has been confined to 
the power possibilities at multiple-purpose projects for navigation, 
irrigation, flood control, etc. The future power installation at these 
projects is expected to be about 1,500,000 kw. If the future should 
indicate the need for a greater amount of hydroelectric power than 
is available at the multiple-purpose developments, consideration 
can be given to additional power sites.
A uthorized  M isso uri R iver  P l a n
A new impetus was given to development of the natural resources 
in the Missouri River Basin in December 1944, when the Congress 
approved the coordinated reports of the Bureau of Reclamation 
and the Corps of Engineers. These reports present a comprehensive 
plan for the control and development of the water resources of the 
Missouri River Basin. The plans of the Bureau of Reclamation 
(sometimes popularly referred to as the Sloan Plan) are set forth 
in Senate Document No. 191, 78th Congress, 2nd Session. The plans 
of the Corps of Engineers (sometimes popularly referred to as the 
Pick Plan) are set forth in House Document 475, 78th Congress, 
1st Session. Because of the differing fundamental objectives of 
the two plans (irrigation on one hand and flood control and navi­
gation on the other hand), there were some conflicts in the two 
independent plans. The two plans were coordinated into a single 
unified plan through a report prepared by a committee of two 
members each of the Corps of Engineers and the Bureau of Recla­
mation. This report is identified as Senate Document 247, 78th 
Congress, 2nd Session.
In explaining the reconciliation of the two plans, the report 
reads in part as follows:
“ I t  was possible to bring into agreement the plans of the 
Corps of Engineers and the Bureau of Reclamation by 
recognizing the following basic principles:
(a) The Corps of Engineers should have the respon­
sibility for determining main stem reservoir ca­
pacities and capacities of tributary reservoirs for 
flood control and navigation.
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(b) The Bureau of Reclamation should have the re­
sponsibility for determining the reservoir ca­
pacities on the main stem and tributaries of the 
Missouri River for irrigation, the probable extent 
of future irrigation, and the amount of stream de­
pletion due to irrigation development.
(c) Both agencies recognize the importance of the 
fullest development of the potential hydro-electric 
power in the basin consistent with the other bene­
ficial uses of water.”
The construction cost of the Missouri River Basin Plan is es­
timated to be about $1,500,000,000 at prewar prices. The compre­
hensive plan will involve construction of project works as follows:
1. Some 105 new dams on the Missouri River and its tributaries 
to create a total of 68,000,000 acre-feet of new storage capac­
ity to control floods and regulate the river for irrigation, 
navigation, power development, etc.
2. Approximately 150 irrigation projects, embracing thousands 
of miles of canals and other facilities to convey irrigation 
water to the 4,760,000 acres of land to be brought under 
irrigation and to furnish a supplemental supply to some
550,000 acres of lands already irrigated. The projects will 
range in size from a few hundred acres up to the 1,000,000- 
acre Missouri-Souris Project.
3. More than 20 hydroelectric power plants which will have 
aggregate generating capacity in excess of 1,500,000 kw. and 
thousands of miles of transmission lines and other facilities 
necessary to market the hydroelectric energy which is essential 
to the success of the basin development plan.
4. Water supply systems for at least 19 communities.
5. Hundreds of miles of flood control levees and dykes.
I n it ia l  U n it s
The facilities required by such a large plan as described herein 
will require years to construct and must be adjusted to meet the 
future needs as determined from continuing investigations. In 
the Flood Control Act of 1944, Congress authorized construction 
by the Bureau of Reclamation of 29 project units and the initial
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phases of the power transmission grid. The 29 authorized project 
units are listed as follows:
Kansas-N ebraska 
Bostwick 
Cedar Bluff 
Frenchman-Cambridge 
Kirwin 
Pumping
Colorado-Nebraska
North Republican (Wray)
Montana
Canyon Ferry Reservoir 
Glasgow Bench Pumping 
Hardin (including Yellowtail Dam)
Marias
Missouri-Souris (Montana Division)
South Bench
Yellowstone River Pumping Units
North Dakota 
Heart River 
Knife River
Missouri-Souris (North Dakota Division)
Missouri River Pumping Units (5)
South Dakota 
Angostura
Grand River (Shadehill-Bluehorse)
Oahe (James River)
Rapid Valley (including Brennon Reservoir)
W yoming
Big Horn Pumping Units
Big Horn Project (Boysen Dam)
Glendo Reservoir
Kortes
Owl Creek
Paintrock
Riverton
Shoshone Project Extensions
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Space will not permit a detailed description of each of the units 
that has been authorized for construction. These will be placed 
under construction as rapidly as funds are appropriated for that 
purpose and detailed plans and specifications are prepared.
The first unit on which actual construction was initiated is the 
Kortes Dam and Power Plant on the North Platte River, about 
150 miles northwest of Cheyenne, Wyoming.
Other units on which it is planned to initiate construction at an 
early date are the Angostura on Cheyenne River in southeastern 
part of South Dakota and the Boysen Dam and Power Plant on 
Big Horn River in Wyoming. The Angostura Unit involves the 
construction of a reservoir of 160,000 acre-foot capacity and irri­
gation canals to serve 16,000 acres of land.
The Boysen Unit calls for the construction of a reservoir of
820,000 acre-foot capacity for irrigation, flood control, sediment 
control, and power development on the Bighorn River in Wyoming. 
The Lower Marias Unit in Montana includes construction of a 
reservoir of 915,000 acre-foot capacity on the Marias River and 
canals to irrigate 120,000 acres near Brinkman, Montana.
The Canyon Ferry Unit involves a reservoir of 2,000,000 acre- 
foot capacity on Missouri River near Helena, Montana, and a 
power plant of 35,000 kw capacity. This unit is a key feature 
of the entire irrigation development in the upper Missouri River 
Basin. The reservoir will reregulate the flows of the Missouri River 
to maintain present power output at plants of the Montana Power 
Company near Great Falls (which now' have prior decreed rights 
to practically all of the normal flow of the Missouri River) and 
hence permit future upstream depletion by irrigation.
The Heart River Unit, North Dakota, includes construction of 
two reservoirs on the Hart River, one at Dickinson (7,000 acre- 
feet) and one at Heart Butte (110,000 aere-feet) to furnish a 
domestic water supply to Dickinson, irrigate 14,000 acres of land 
along the Heart River, and to provide flood and silt control.
The Owl Creek Unit near Thermopolis, Wyoming, plans for the 
construction of the Anchor Reservoir (24,000 acre-feet) to supple­
ment the supply for 14,000 acres of inadequately irrigated lands 
along Owl Creek.
The Glendo Unit will have a reservoir immediately above the 
Guernsey Reservoir on North Platte River, Wyoming for flood and
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silt control and to give better regulation of inflow originating below 
the Pathfinder Reservoir.
Frenchman-Cambridge Unit, Nebraska, involves the construction 
of the Enders (74,000 acre-feet) and Medicine Creek (93,000 acre- 
feet) reservoirs in Republican River Basin and canals to serve 
36,400 acres of new land and to supplement supply for 16,700 acres 
now inadequately irrigated.
Bostwick Unit, Nebraska and Kansas, contemplates use of storage 
to be made available by Harlan County Reservoir (to be construct­
ed by the Corps of Engineers on Republican River) to irrigate
90.000 acres in Nebraska and Kansas.
Kirwin Unit in Kansas involves Kirwin Reservoir (174,000 acre- 
feet) on North Fork Solomon River and canal system to serve
17.000 acres. This project will be operated for flood control, irriga­
tion, and sediment control.
The Bureau of Reclamation is speeding a basin-wide program of 
making the engineering, economic, and other investigations neces­
sary to complete the planning of the remainder of the projects it 
expects to build under the Missouri Basin Plan.
N atio n al  S ig n ific a n c e  of D ev el o pm e n t  i n  t h e  
M issouri R iver B a sin
Most of the new lands, which it is planned to irrigate in the 
Missouri River Basin, are located in the great plains area. These 
lands are now used principally for dry farming, with variable de­
grees of success. The success or failure of present agricultural 
practices depends upon the abundance or scantiness of the pre­
cipitation. In years of favorable precipitation, such as 1941, there 
are bumper crops and dry farm agriculture is a financial success. 
In  a series of drought years, such as those whicli occurred in the 
1931-40 decade, dry farming is extremely hazardous and crop 
failures are the rule. The great plains became the great dust bowl 
in the 1931-40 period. In that decade relief expenditures by the 
Federal Government in the Missouri River Basin (principally in 
the great plains) totaled about $1,200,000,000. Many settlers be­
came disheartened in this period, abandoned their homes, and 
migrated elsewhere in search of a livelihood.
The climate of the great plains area cannot be changed. Man 
cannot stop droughts and floods, but he can, by wise control and
http://ir.uiowa.edu/uisie/31
use of the water resources, greatly alleviate the damages and suffer­
ing caused by both of these phenomena.
The Missouri Basin plan does not call for the irrigation of all 
of the agricultural lands in the great plains area. Most of the agri­
cultural land will continue to be farmed by dry farm methods. 
However, by irrigating some 4,760,000 acres, the general economy 
of the region will be greatly stabilized and the shock of future 
droughts minimized. Furthermore, the irrigation of these lands 
will make possible the creation of 53,000 additional farm homes and 
will increase the value of agricultural production by $130,000,000 
annually.
In  addition to aiding in financing the entire plan, hydroelectric 
power production is estimated to stimulate industrial development 
in the region through processing of the agricultural products and 
increased development of the mineral resources.
http://ir.uiowa.edu/uisie/31
MISSOURI RIVER FLOODS AND THETR CONTROL
F . B. S u c h  ter 
Corps of Engineers, Omaha, Nebraska
I ntro ductio n
Floods have taken their toll in all parts of the more than one- 
half million square mile area of the Missouri River Basin. In 
the semi-arid northwestern portion of the basin, river valley lands 
that are dependent upon irrigation for agricultural production 
and the adjacent towns have suffered flood damage from concen­
tration in the stream of rapid snow-melt or intense rainfall. In  
the more humid central and lower portions of the basin, the river 
bottom lands have been highly developed. Farms and cities, in­
cluding the major industrial areas of the basin, main line rail­
roads and highways located in these areas have suffered the heavi­
est flood losses because of the greater intensity of rainfall and 
the accumulation in the streams of run-off from large upstream 
areas.
In  1936 the Congress adopted a national flood control policy 
making the Chief of Engineers through the Secretary of War 
responsible for flood control investigations and for the construc­
tion of flood control works. Subsequent to 1936 and prior to ad­
vent of the war, the Corps of Engineers had constructed flood 
protection projects in the Missouri Basin at Glasgow, Montana, 
on the Milk River; at Belle Fourche, South Dakota, on the Belle 
Fourche River; at Topeka, Kansas, on the Kansas River; and at 
Kansas City, Kansas, at the mouth of the Kansas River.
Alarmed by the heavy flood losses caused by floods in the basin 
in the spring of 1943, Congress asked for a review of the flood 
situation. The plan for building levees along both banks of the 
760 miles of river from Sioux City to mouth, and constructing 
multiple-purpose reservoirs on the Missouri River upstream from 
Sioux City to supplement the flood control reservoirs already 
authorized for construction in the lower tributary basins was de­
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veloped and reported to the Chief of Engineers for transmittal 
to Congress by Brigadier General Lewis A. Pick, Corps of Engi­
neers, Division Engineer, Missouri River Division, in August 1943. 
In December 1944, Congress authorized construction of the pro­
gram, and has, since December 1945, appropriated funds in the 
amount of $25,814,000 for initiation of construction. On the 
Missouri River proper, construction work has started at the Gar­
rison Dam, North Dakota, the Fort Randall Dam, South Dakota, 
at Omaha, Nebraska, at Council Bluffs, Iowa, at Kansas City, 
Missouri, and pre-construction plans for the levees from Sioux 
City to mouth are being pushed to completion. On the tributaries, 
construction work has started at the Harlan County Dam on the 
Republican River, Kanopolis Dam on the Smoky Hill River, and 
on the Cherry Creek Dam near Denver, Colorado. Completion 
of the flood control improvements under the “ Pick P lan” and 
under prior authorizations will involve construction of works esti­
mated to cost about $600,000,000.
D escriptio n  of B a s in
At the western boundary of the Missouri Basin, the Rocky 
Mountains rise to heights of over 14,000 feet. From the base of 
the mountains at elevations of about 5,000 feet, the plains slope 
gently eastward to elevations of about 500 feet in the lower basin. 
The plains area occupies most of the basin’s drainage area of 529,350 
square miles, being broken only by erosion of stream valley and 
by the Black Hills and Ozark semi-mountainous areas.
From its source at the junction of the Madison, Gallatin, and 
Jefferson Rivers at Three Forks, Montana, the Missouri River 
flows generally south and east for 2,500 miles to its junction with 
the Mississippi River just above St. Louis, Missouri. After the 
river emerges from the mountains below Great Falls, Montana, 
it flows through an alluvial flood plain with a general slope vary­
ing but little from one foot per mile. In  the section of the river 
from Sioux City, Iowa, to the mouth where flooding has been most 
severe, the river has a length of 760 miles and a drop of 795 feet. 
In this section, prior to construction of navigation improvement 
works, the river meandered at will in an alluvial flood plain from 
two to seventeen miles in width.
Precipitation in the Missouri River Basin ranges from less than
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10 inches per year in the upper basin states of Wyoming and 
Montana, increasing fairly regularly down the basin to over 40 
inches in the lower basin state of Missouri. Mean annual tem­
peratures range from about 40 degrees in the upper basin to 56 
degrees at the river’s mouth. Minimum temperatures range from 
—57 degrees in the upper basin to —22 degrees in the lower basin 
with maximum temperatures reaching above 110 degrees in both 
upper and lower parts of the basin.
T h e  F lood P roblem
A study of the records shows that run-off for the Missouri River 
follows a definite pattern. The winter period, December to Feb­
ruary, is characterized by low flows due to generally frozen con­
ditions of the drainage area, and iced-over conditions on the tribu­
taries and on the main stem which sometimes prevail as far south 
as Kansas City, Missouri. An early spring rise occurs in the Mis­
souri River in the latter part of March or April, due to the melt­
ing of the snow cover in the plains area. During this period, the 
ice-cover on the river breaks up and ice jams often cause damag­
ing floods from the mouth of the Yellowstone River as far south 
as St. Joseph, Missouri. In June another rise usually of consider­
able magnitude occurs, due to the melting of snow and ice in the 
mountainous areas, augmented by rainfall over the middle and 
lower parts of the basin. After the June rise, a period of relatively 
low summer flow occurs and it is followed by slightly higher dis­
charges in the fall when precipitation again becomes more general 
over the basin.
Although the general seasonal pattern of run-off is well estab­
lished, the distribution and intensity of precipitation, the accumu­
lated depth of snowfall, and the temperatures in the spring gov­
ern the magnitude of actual run-off. Under these conditions a 
wide variation in maximum and minimum values of discharge re­
sults. Values of maximum and minimum discharges on record 
for stations on the Missouri River are contained in Table I. A 
graphic illustration of the variation of Missouri River flows is 
shown in Fig. 1 which gives the annual run-off at stations from 
Fort Peck Dam to the mouth for a typical dry year, 1934, for a 
typical average series of years 1940-1944, and for a typical wet 
year, 1944. This figure also illustrates the progress of the river
http://ir.uiowa.edu/uisie/31
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through the semi-arid region upstream from Sioux City into the 
more humid zone downstream from that city.
Floods have occurred all along the Missouri River. The greater 
frequency of flooding occurs, of course, in the more humid lower 
basin. A summary of floods from Bismarck, North Dakota, to St. 
Charles, Missouri, is shown by Fig. 2. Seldom has a flood originat-
F ig . 1— T y pic a l  A n n u a l  F l o w s  o f  t h e  M is s o u r i R iv er  and  F lo w s  A ft er  
A dded Co n s u m p t iv e  U se  for  I rrig atio n  N ow  P l a n n e d .
ing in the upper part of the basin extended through the lower 
basin. The 1881 flood is a notable exception and it diminished in 
intensity below St. Joseph, Missouri, as indicated by the lighter 
bar in Fig. ‘2. The 1943 flood appears to be a continuous flood; 
but, actually, 1943 was a year of three floods, the first being an 
April flood extending from the upper basin to below St. Joseph, 
Missouri, the second a May flood extending from Boonville, Mis­
souri, to the mouth, and the third, a June flood overlapping the 
lower and upper ends of the prior floods.
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The extent and magnitude of four of the major floods are in­
dicated on Fig. 3. The 1881 and April 1943 floods were typical 
early spring-rise floods and were caused by rapid snowmelt in the 
plains area, resulting from unseasonable high temperatures in the 
upper basin in latter March and early April. In  contrast, the 
1903 and 1944 floods which were most severe at and below Kansas 
City resulted from heavy rainfall in the lower part of the basin 
superimposed on moderately high flows from the upper river in 
•June and April, respectively.
In  recent years flood damages in the Missouri River Basin have 
reached the proportions of a national catastrophe. From 1930 to 
1940 the basin went through the driest period ever recorded. Al-
YEAR | BISMARCK 1 PIERRE | OMAHA | ST JOSEPH | KANSAS CITY | BOONVILLE | HERMANN 1 ST CHARLES
LEGEND 
»  FLOOD OCCURENCES 
se es  SEVERE FLOOD
F ig .  2— F lo o d  O c c u r e n c e s .  M a in  S te m — M is s o u r i  R iv e r .
though they suffered continued drought loss of their crops, the 
people were lulled into a false feeling of security from flood damages. 
In fact, during this period farmers in the Missouri Valley en­
croached on the natural floodway of the Missouri River and brought
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under cultivation many acres of bottom lands that had been re­
covered by construction of permeable dikes and revetment in the im­
provement of the river for navigation between Sioux City, Iowa, and 
the mouth. Beginning in 1941, the basin again entered a wet 
period, and during the three-year period 1943-45 floods in the 
basin have caused damages estimated at over $160,000,000, have 
flooded over 7,000,000 acres of land, have inundated towns and
MISSOURI RIVER
PEAK DISCHARGES
M AJOR FLO OD S
---------1 8 8  I
............1 9 0 3
---------1 9 4 3  (APRIL)
--------- 1 9 4 4  (APRIL)
-DISCHARGE AT WHICH DAMAGE STARTS
DISTANCE ABOVE MOUTH IN HUNDREDS OF MILES
P ig . 3— P e a k  D is c h a r g e s  o f M a jo r  M is s o u r i F loods.
cities located in stream valleys, and have caused the loss of 23 
lives. The breakdown of these losses by years and between the 
main stem of the Missouri River and its tributaries is shown in 
Table II. A further appreciation of the potential flood damages 
may be had by considering that should a flood of the magnitude 
of the 1903 flood recur, the Kansas Citys with their highly de­
veloped industrial river bottoms would sustain damages exceed­
ing $50,000,000.
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P l a n  of P rotection
Taking full cognizance of the flood situation, General Pick de­
veloped a plan for controlling floods on the Missouri River con­
sisting of three major features: the first, storage reservoirs on
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the main stem above Sionx City, Iowa, to control the early spring 
and June rise flows contributed by the upper basin; the second, 
levees on both banks of the river from Sioux City, Iowa, to the 
mouth to carry off uncontrolled discharges from the middle and 
lower parts of the basin; and the third, storage reservoirs on the 
lower basin tributaries to control the high run-off from these more 
humid areas. The component features of the plan are shown on 
Fig. 4.
Whether reservoir storage or a levee is used for protecting a 
given area from floods is a problem in engineering economics. 
The solution to the problem is far from simple, involving the ap­
plication of many phases of engineering as well as giving full 
consideration of uses of stored flood waters for such purposes as 
navigation, irrigation, power generation, and domestic and indus­
trial uses. Without reviewing the many studies justifying the 
selection of capacities tentatively adopted, for the reservoirs on 
the main stem above Sioux City, it may be stated that as a general 
principle, capacities were developed to their maximum practical 
limits. In other words, an effort will be made to regulate the run­
off of the Missouri River above Fort Randall Dam, first to supply 
current uses, and second to carry over large blocks of storage for 
use in recurring dry periods. In  upper basin projects, a gross 
storage of over 68,000,000 acre feet will be provided. Of this 
amount about 12,000,000 acre feet will be reserved for control 
of flood flows. Of the remainder about 16,000,000 acre feet has 
been allowed for accumulation of silt during the computed life 
of the projects, and 40,000,000 acre feet reserved for utilization 
of navigation, irrigation, domestic, and industrial purposes. Power 
will be generated at all of these projects with the water released 
for the various purposes. Of the gross capacity, 15,202,000 acre 
feet, to be provided in reservoirs in the lower tributary basins,
10,700,000 acre feet is to be reserved for flood control. The tenta­
tive capacities for individual projects are shown on Tables I l ia  
and b.
In addition to the reservoirs to be constructed under the “ Pick 
P lan” on the main stem and on the lower basin tributaries, the 
Bureau of Reclamation will build 90 reservoirs with a total gross 
capacity of about 19,000,000 acre feet on the tributaries. These
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projects are designed primarily for storage of irrigation waters, 
but will also contribute to flood protection on the tributaries.
The Missouri Basin suffered a severe shortage of water during 
the 11 dry years, 1930-1940. During one of the worst years of 
this period, 1934, only 21,500,000 acre feet reached the mouth 
of the river. A part of the comprehensive development of the 
Missouri Basin includes the bringing of more than 4,700,000 acres 
of new land under irrigation and furnishing supplemental water 
to more than 500,000 acres now irrigated. If  these irrigation pro­
jects had been completed and in operation during 1934, the flow 
of the river at its mouth that year would have been only about
12.200.000 acre feet. This is not a sufficient flow to sustain navi­
gation on the authorized project from Sioux City, Iowa, to mouth 
or to maintain requirements for domestic water supply and sani­
tation. The effect of the additional consumptive use of water for 
irrigating new lands in the basin under the Bureau of Reclamation 
plan is illustrated graphically on Pig. 1. I t  is of particular in­
terest to note that during a dry year, irrigation of new lands 
would consume almost half the annual flow, but that during the 
average year, consumption for irrigation would be a small per­
centage of the water available. I t  follows, therefore, that large 
blocks of carry-over storage must be provided, if a balanced mul- 
tiple-use for irrigation, navigation, power, domestic and industrial 
purposes is to be made of the waters of the Missouri.
Farthermost .upstream in the upper river system is the Fort 
Peek Reservoir with a gross capacity of 19,412,000 acre feet. 
The Fort Peck Dam, a 250-foot-high earth dam, containing over
120.000.000 cubic yards of hydraulic fill with four 24'-8" outlet 
tunnels and a gate-controlled chute spillway was completed in 
1939 for the primary purpose of storing water for use on the 
navigation project, Sioux City, Iowa, to mouth. Also the inciden­
tal generation of power was authorized. One 35,000-kw unit has 
been in operation since 1943, one 15,000-kw unit is now being 
installed, and space in the powerhouse is available for the installa­
tion of another 35,000-kw unit. On May 1, 1946, there were
14.000.000 acre feet of gross storage and a peak gross storage of
15.400.000 acre feet for 1946 is estimated. The upper 3,500,000 
acre feet of storage are reserved for flood control.
Construction of the multiple-purpose reservoirs on the main
http://ir.uiowa.edu/uisie/31
stem above Sioux City will make possible the substitution of storage 
for navigation use in these reservoirs for that now stored at Fort 
Peck. Fort Peck waters can then also be used for irrigation, thus 
making a greater multiple-use of the water with consequent greater 
over-all benefit to the Missouri Basin.
Three of the five dams to be constructed on the Missouri River 
upstream from Sioux City and downstream from Fort Peck, that 
is, Garrison, Oahe and Fort Randall, will provide large volumes 
of storage for multiple-purposes. Power will be generated as in­
cidental with releases for all purposes. The Gavins Point Dam 
will provide primarily a re-regulating reservoir to iron out fluct­
uating power releases at Fort Randall Dam. Regulated release 
for navigation at Gavins Point Dam will be used for power gen­
eration insofar as is practicable. The Big Bend Dam will be oper­
ated for run-of-river power generation and will not be built until 
needed by growth of the power market. Major dimensions of the 
upper river projects as tentatively adopted are indicated in Table 
I lia .
TABLE I l ia  
U p p e r  M i s s o u r i  R e s e r v o i r  S y s t e m
Project Dam Max. Ht. Length
Gross Capacity 
Acre Feet
Fort Peck Hydraulic earth fill 250' 21,000' 19,412,000
Garrison Rolled earth fill 210' 21,000' 23,000,000
Oahe Rolled earth fill 230' 7,700' 19,600,000
Big Bend Rolled earth fill 40' 250,000
Fort Randall Rolled earth fill 170' 10,200' 6,200,000
Gavins Point Concrete & earth fill 54' 7,000' 170,000
68,632,000
The lower tributary basin system of reservoirs was authorized 
by Congress in 1938. Its major purpose is to reduce tributary 
flood flows to discharges that can be accommodated within the 
natural channels of the tributaries, and to reduce tributary in­
flow to the Missouri River to discharges that will not over-top 
the Missouri Valley levee system. As incidental to this primary 
purpose, power will be generated and releases made to supple­
ment navigation on the Missouri and Mississippi Rivers. Major
http://ir.uiowa.edu/uisie/31
dimensions of the lower basin tributary projects, as tentatively 
adopted, are indicated in Table IHb.
TABLE IH b
L o w e r  B a s i n  T r ib u t a r y  R e s e r v o ir  S y s t e m
Project Dam Max. Ht. Length
Gross Capacity 
Acre Feet
Harlan County Rolled earth fill 106' 12,000' 850,000
Tuttle Creek Rolled earth fill 160' 7,300' 1,830,000
Kanopolis Rolled earth fill 131' 15,810' 450,000
*Pattonsburg Rolled earth fill 121' 3,100' 1,240,000
*Hickory Rolled earth fill 90' 6,015' 1,293,000
Osceola Concrete & earth fill 106' 2,950' 6,000,000
South Grand Rolled earth fill 107' 4,300' 1,570,000
Pomme de Terre Rolled earth fill 134' 3,500' 600,000
Arlington Concrete gravity 130' 2,100' 769,000
Richland Rolled earth fill 134' 2,700' 600,000
15,202,000
* Alternate to Chillicothe Project.
The portion of the Missouri Basin that will be controlled by 
flood storage reservoirs under the plan is indicated on Fig. 5. It 
is to be noted that no flood control storage has been provided on 
the Platte River of Nebraska and Colorado, except the Cherry 
Creek Reservoir which will serve principally for protection of 
Denver, Colorado. Existing irrigation reservoirs on the head­
waters of this stream result in a large depletion of the run-off. 
Flood flows from tributaries of the Platte River in eastern Nebraska 
have contributed to Missouri River floods, but as yet, satisfactory 
reservoir control for these tributaries has not been developed. 
There remains a large uncontrolled tributary area below the lower­
most storage reservoir at Fort Randall Dam which is capable of 
contributing sufficient storm run-off to cause floods in the Missouri 
River. Therefore, a system of levees was developed to convey the 
flood run-off of the uncontrolled area from Sioux City, Iowa, to 
the mouth.
After the reservoir system and the levees have been completed, 
the Missouri River Valley from Sioux City to mouth can take a 
flood equal in magnitude to any which has ever been recorded. 
The share to be played by each reservoir has been developed by
http://ir.uiowa.edu/uisie/31
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routing past floods of record through the system. The results of 
these routings are summarized on Pig. 6. Performance of the 
reservoirs as indicated in these diagrams reflects the locale of the 
flood origin. For instance, the June 1903 flood which devastated 
the Kansas Citys would have been largely controlled by the Kansas 
River tributary system. The May 1943 flood which inundated the 
lower Osage and the lower Missouri valleys would have been con-
Uj p p e r :
J U N E  1 9 0 3  FLOOD M AY 1 9 4 3  FLOOD A P R IL  1 9 4 4  FLOOD
F ig . 6— K e s e r v o ir  Co n t r o l — F l o o d s  o n  M i s s o u r i  R iv e r . P r o p o r t io n s  o p  
R e d u c t io n s  b y  R e s e r v o ir s  a t  H e r m a n n , M i s s o u r i .
trolled largely by the Osage River tributary system. On the other 
hand, control of the April 1944 flood would have been fairly well 
distributed among all the reservoirs in the entire system. These 
diagrams illustrate the necessity for providing well dispersed flood 
storage capacity to control floods where and when they arise.
A quantitative impression of the effectiveness of the reservoir 
systems may be obtained from the profiles for flows under natural 
conditions and for flows as modified by reservoir operation for 
the 1881 and 1903 floods. These two floods are among the greatest 
of record for their respective reaches of river, the 1881 above St. 
Joseph, Missouri, and the 1903 at and below Kansas City, Missouri. 
Critical portions of natural discharge profiles for these floods are 
given on Pig. 7, together with the regulated discharge profiles. 
A comparison of the regulated discharge profile with the profile 
at which damages begin as shown on the Figure reveals that for 
floods of this magnitude, supplemental levee control is required. 
To complete the illustration, the levee design discharge profile 
has been shown on Pig. 7.
GASCOI
y  KANSAS 
RIVER SYSTEM
OSAGI
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T h e  L evee P roject
The agricultural lands to be protected from floods in the Mis­
souri Valley from Sioux City, Iowa, to the river’s mouth lie in 
four states, divided between them as listed in Table IV.
TABLE IV
A r e a  to  b e  P r o t e c t e d  b y  L e v e e s , M i s s o u r i  V a l l e y  
S io u x  C i t y , I o w a , t o  M o u t h
State Area in Acres
Iowa 620,000
Nebraska 190,000
Kansas 25,000
Missouri 613,000
Total 1,448,000
In  addition to these farm lands, the levees will protect residen­
tial and industrial areas at Sioux City, Omaha, Council Bluffs, 
Kansas City and over 50 smaller towns along the river.
Fie. 7— E f f e c t  o f  R e s e r v o i r  O p e r a t i o n  o n  t h e  1881 a n d  1903 F l o o d s .
http://ir.uiowa.edu/uisie/31
Approximately 1,220 miles of earth levees are planned. The 
levees will not be continuous along either bank of the river, but 
will tie into bluffs and will follow up along tributaries, breaking
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up the protected area into units or levee districts. This is illus­
trated for the agricultural areas by Fig. 8 which shows the Missouri 
Valley for about 80 miles downstream from Sioux City, Iowa. Fig.
9 illustrates the units in the project at the Kansas Citys.
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Design of the levee project does not consist of merely providing 
a channel of the width and height required to carry a computed 
flood discharge. Determination of the design flood discharge is 
far from simple because it involves the estimating of losses in 
natural valley storage created by construction of the levees, and 
the estimating of the coincidence of flood contributions from tribu­
taries during Missouri River floods. Also, of major consideration 
is the fact that the levee system is to be built on a foundation of
P ig . 10— I n d ia n  Cave B e n d — D ik e  Sy s t e m .
sand and silt which is easily erodible by flowing water.
As previously pointed out, the Missouri River in its natural 
state meandered at will from bluff to bluff and at some time in 
the past in its sinuous path has occupied every square foot of the 
alluvial bottoms. The alluvial sands and silts which form the 
bottom lands are over 150 feet in depth. When flood flows come, 
the stream not only erodes its banks, but also erodes its bed. The 
Corps of Engineers takes advantage of this phenomenon, if one 
may call it that, in designing its navigation works. By prevent­
ing lateral erosion, the river is forced to dissipate its energy in 
digging a deeper channel. This process is illustrated by Fig. 10, 
a photograph of Indian Cave Bend about 20 miles upstream from 
Rulo, Nebraska, which was taken shortly after completion of the 
permeable dike system on the right bank and revetment of the 
left bank and shows the initial silt fill.
Further study of this bed erosion phenomenon reveals that the 
bed of the stream rises when flows less than normal recur, and,
http://ir.uiowa.edu/uisie/31
conversely, the stream bed falls with recurrence of above normal 
flows. Consequently, the stage-discharge relationship at any gag­
ing station on the river varies continuously, and the discharge 
- capacity of the stream for a given stage is a function of the mag­
nitude of recurring flows at that station. This relationship is more 
easily discernible in the improved river between Sioux City and
F ig .  11— S t a g e - D i s c h a r g e  R e l a t i o n s h i p  f o r  U n im p r o v e d  R i v e r  a t  B i s m a r c k .
the mouth, but is also evident in the natural river upstream from 
Sioux City. The stage-discharge relationship over the period 1929 
to 1945, inclusive, for the unimproved river at Bismarck, North 
Dakota, is shown on Fig. 11, and for the improved river at Kansas 
City, Missouri, is shown on Fig. 12. Also shown as a measure of 
the recurrence of flows are the annual discharges at the stations. 
These figures indicate how during the dry period of 1930-40 the 
stage rose for a given discharge, and how it has lowered again with 
the wet period beginning in 1941.
Due to these characteristics of the bed and banks of the Missouri 
River, it is absolutely necessary that the river banks be “ pegged 
down” . A levee built on the Missouri River in its natural state
http://ir.uiowa.edu/uisie/31
would be inevitably destroyed by the meandering of the stream. 
The laws governing the meandering of streams in alluvial valleys 
have been well defined. An excellent work on this subject is re­
ported by Capt. Friedken, “ A Laboratory Study of the Meander­
ing of Alluvial Rivers—1945” . “ Pegging down” of the Missouri 
was also necessary in its control and improvement for navigation. 
To date, the improvement works for navigation have been sub­
stantially completed. The river valley, therefore, is ready for the 
next step, the construction of levees for flood protection.
The design discharge capacity of the floodway channel between 
levees on either bank of the river is established as that capacity
F ig .  12— S t a g e - D i s c h a r g e  R e l a t i o n s h i p  f o r  t h e  I m p r o v e d  R i v e r  a t
K a n s a s  C i t y .
required to accommodate the flood flow after reduction by the 
reservoir system. As a combined system, the levees and reservoirs 
will control floods of magnitude equal to all floods of record. The 
required discharge capacities at stations along the river, together 
with the natural and reservoir regulated flows for the 1881 and 
1903 floods are shown on Table Y. These values are also shown
http://ir.uiowa.edu/uisie/31
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graphically on Fig. 7. To accommodate such discharges with levees 
of nominal height requires a minimum channel width between 
levees of from 3,000 feet at Sioux City, Iowa, to 5,000 feet at the 
mouth of the river. In  general, levees will have heights of from 
5 to 15 feet depending on the elevation of local terrain, a river 
side-slope of 1 on 3, a top width of 10 feet, a freeboard of 2 feet, 
and a landward side-slope of 1 on 4. Details such as interior 
drainage and underseepage are being worked out as required for 
individual units. Also at towns and cities an extra height of free­
board is being provided as an added factor of safety and pump­
ing plants will be installed to handle storm run-off and sewage 
during flood periods. In  agricultural areas, pumping of storm 
run-off generally proves to be uneconomical and in these areas, it 
will be accommodated by temporary storage which will be released 
through automatic gravity drains after passage of floods.
The levees alone would give flood protection against floods of 
moderate magnitude, but for positive protection against all floods, 
the construction of the reservoir system is essential. This is par­
ticularly the case for the reach from Kansas City to the mouth 
where the floods are of greater magnitude and have a greater fre­
quency.
With the completion of the improvement works for navigation, 
the construction of the reservoir system and the construction of 
the levees, the water problems of the Missouri Valley from Sioux 
City, Iowa, to the mouth of the river will be solved.
Construction of the works for the accomplishment of the flood 
control program in the Missouri River Basin is now well under 
way under the direction of Brigadier General Lewis A. Pick, Corps 
of Engineers, Division Engineer, Missouri River Division. The 
writer is indebted to General Pick for his critical review of this 
paper. He is further indebted to members of the Division Engi­
neer’s staff who assisted in the assembly and presentation of data, 
and particularly to Mr. J. P. Edstrand who assisted in preparation 
of the paper, as well as Mr. O. B. Van Horn who compiled the 
data shown in tables and figures. He is also indebted to Mr. W. J. 
Ware of the Kansas City District who furnished data on the per­
formance of lower basin tributary reservoirs.
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INVESTIGATIONS OF FREE-SURFACE PHENOMENA 
Session Chairman: A. A. K a l in s k e ,
Research Engineer, Infilco, Inc.
I ntroductory  R em a r k s
The phenomena occurring at the free surface of water when the 
water moves at high velocities through relatively still air or the 
air moves over relatively still water are fascinating to observe but 
are difficult to analyze quantitively. The “ white water”  which is 
seen when water flows over high spillways and dams or down steep 
chutes is quite spectacular, but the engineer who must take such 
air entrainment phenomena into account in his designs has very 
little information of a factual nature to use.
Surface disturbances and air entrainment produce considerable 
difficulty in laboratory apparatus which involves the use of high 
speed, free surface flow. The difficulty in maintaining a relatively 
smooth water surface has been one of the chief deterrents in utiliz­
ing moving water for tests on surface craft. However, the David 
Taylor Model Basin of the U. S. Navy realizing the many advantages 
of having an open-channel test apparatus for their various problems 
has succeeded in perfecting a, re-circulating channel for operation 
at water speeds up to about 20 ft. per sec. This unique equipment 
presented numerous hydraulic problems in its design, and these 
problems are discussed in detail by Lt. Charles A. Lee who was 
in charge of the development of this equipment under the direction 
of Captain H. E. Saunders, Director of the Model Basin. Lt. Lee 
graduated from the University of Wyoming in 1939 and received 
a Master of Science degree in hydraulics at Lehigh University in 
1940. During the war he was in the Navy Construction Battalions 
in the Southwest Pacific.
Unfortunately surface air entrainment cannot be studied by 
use of any known model relationships. Thus the investigator is
http://ir.uiowa.edu/uisie/31
forced to make his observations on full scale structures. Such field 
observations have been made by Mr. L. Standish Hall who is P rin ­
cipal Hydraulic Engineer, East Bay Municipal Utility District, 
Oakland, California. In his paper Mr. Hall analyzes a large amount 
of data which he has obtained on a number of steep chutes and 
spillways in the West. His analyses and observations form an im­
portant step in the understanding of a complicated hydraulic 
phenomenon and the relationships he presents should be of use in 
future designs.
Closely related to the problem of air entrainment by high-velocity 
flow in steep chutes is that of the breaking up of water jets such 
as those issuing from fire nozzles. Observations on air entrainment 
by high-velocity water have definitely indicated that the turbulence 
in the water is an important factor influencing the surface break­
up and entrainment of air. Thus the elimination or decrease in 
turbulence should decrease the tendency toward dispersion of high­
speed jets of water. This is of considerable importance in fire jets 
when a localized concentration of water is desirable. Professors 
J. W. Howe and C. J. Posey, Research Engineers of the Iowa In­
stitute of Hydraulic Research, have had charge of a research pi'o- 
ject, sponsored by the David Taylor Model Basin of the U. S. Navy, 
at the request of the U. S. Coast Guard, on the improvement of 
the streams issuing from fire nozzles. They have obtained very 
worthwhile data which point to the fact that present fire nozzle 
designs may be improved from the standpoint of providing less 
turbulent streams. Their paper which gives some of their pre­
liminary results should prove of considerable interest to all hydrau­
lic engineers, as it points the way in which a practical hydraulic 
problem can be successfully attacked by the use of some of the 
newer concepts in fluid mechanics.
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THE CHARACTERISTICS AND UTILIZATION OF THE 
DAVID W. TAYLOR MODEL BASIN CIRCULAT­
ING WATER CHANNEL
C h arles A. L ee  
David Taylor Model Basin, Washington, D. C.
I ntroduction
The Circulating Water Channel is one of a number of facilities 
at the David W. Taylor Model Basin devoted to research and ex­
perimentation in the field of hydromechanics. For many experi­
ments, such as those with floats, minesweeping gear, harbor nets, 
ship-mooring studies and other related problems, observations in a 
channel of flowing water with viewing windows on the sides and 
bottom for observing the test are a more desirable method than 
studies of a body towed through still water. In  this channel, as 
in a wind tunnel, the model remains stationary while the water 
moves. An open section in the top of the structure as shown in 
Fig. 1 permits observation of the behavior of models under test, 
while photographs and observations can also be made from either 
side or the bottom.
This paper will emphasize the relation of the water channel 
equipment, operating technique, and experimental results to vari­
ous phases of open-channel hydraulics. The paper is divided into 
four parts; first, a brief description of the water channel and 
auxiliary equipment [18]; second, the operating technique; third, 
flow characteristics; fourth, a description of a test which is in 
progress at the present time.
D escriptio n
As shown in Fig. 2, the water channel is built in a vertical plane 
as are most water tunnels. The water is forced through the closed 
rectangular-shaped circuit by two vertically mounted adjustable 
blade propeller-type pumps. The lower horizontal passage is the
http://ir.uiowa.edu/uisie/31
return flow duct and the upper horizontal passage is comprised of 
the enlargement, contraction and test section. The water is de­
flected through the four necessary elbows by a bank of guide vanes
F ig . 1— Gen e r a l  V ie w  o f  T e s t  S ec tio n  o f  Cir c u la tin g  W a ter  Ch a n n e l ,
L o o k in g  U p s t r e a m .
A TMB Planing Float is in position for test, held in place by an under­
water towline which leads down to a heavy weight on the bottom of the section. 
The speed of the moving- water when this photograph was taken was 5 knots. 
The channel is 22 feet wide and 9 feet deep. The truss structure at the upper 
end of the test section is over the downstream edge of the adjustable lip which 
regulates the shape of the surface as the water enters the test section. Three 
of the waterline viewing windows, with their external covers in place, are 
shown on the opposite side of the channel.
at each elbow. The test section is 22 feet wide and 60 feet long, and 
the normal water depth is 9 feet. The normal maximum velocity is
10 knots or 17 feet per second. Due to the large size of the channel, 
only that portion comprising the test section, motors, pumps and 
controls was placed in a building. The enlargement, contraction 
and a part of the return duct extend outside of the building as 
shown in Fig. 3.
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Bach of the pumps, which are in parallel, has 2 blades, a rated 
discharge of 1570 cubic feet per second at a head of 5.5 feet, and 
an input of 1250 horsepower. The overload capacity is approximate­
ly 1730 cubic feet per second at a head of 9.7 feet with an input 
(for approximately 8 minutes) of 1750 horsepower. The desired 
velocity of the water in the test section is obtained by adjusting 
the blades to the proper blade angle. The blades can be adjusted 
to plus or minus 0.01 degree from a negative blade angle of 3 
degrees to a positive blade angle of 42 degrees. The pumps rotate 
in opposite directions. Looking down on the pumps, while facing 
upstream, the left pump rotates clockwise and the right pump 
counter-clockwise. Immediately below each pump is a 7-vaned
Elevation 164.3
Electric  Motor
To Exhauster
Free Water Surface  Begins Here 
Adjustable Lip View ing Windows______
\Elbow
'Direction of Flow 
27'oH
Impeller
P  Pump  
I Throat Rir 
; I2'6"I.D. 
¡■k Diffuser 
$ Pit Floor
Elbow Plate Lining all around Lower Return Duct; p ier 
« n'o
-— Slope 6  in Entire Length j
Elbow
Drain
F ig . 2— V er tic a l  L o n g itu d in a l  S ec tio n  T h r o u g h  T M B  W ater  Ch a n n e l .
This is a section offset from the middle line and run through the centerline 
of one of the pumps. The channel has a constant inside width of 22 feet and 
a rectangular section everywhere except at the pumps and in the upper and 
lower transition sections in Elbows F and 6 . These elbows, and the pump 
rings, are in pairs, separated by a central pier 18 inches thick. The axis of 
the enlarged section slopes downward to correspond with the slight slope in 
the test section and the enlarged section is symmetrical about that axis. The 
vane arrangement shown in Elbows E and H is the original construction; 
tests are underway at the time of writing to modify this arrangement to im­
prove the flow.
diffuser assembly, which serves to straighten out the rotary motion 
of the flow from the pump, and to house a lignum-vitae steady 
bearing for the main drive shaft. Bach pump as shown in Fig. 
4 is powered by a 90-pole, 80-rpm, synchronous-type electric motor 
rated at 1000 horsepower, and capable of producing 1250 horse­
power for 2 hours and 1750 horsepower for 8 minutes. Each over­
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load condition produces a temperature rise of 55 degrees. One 
large roller thrust bearing supports the 42,000-pound rotating 
mass for each of the electric motor and pump units. The 42,000- 
pound load on the thrust bearing is normally in a downward di­
rection; however the thrust produced by the pumping is in an
P i g . 3— Cir c u l a t in g  W a t e r  Ch a n n e l .
View from Boiler House roof, showing east end of the Circulating Water 
Channel. Approximately two-thirds of the Water Channel is enclosed in the 
building. The part extending outside of the building is the enlargement end 
of the channel. The bottom of the return duct is at the same elevation as the 
floor of the enclosed p i t .
upward direction and will tend to balance the 42,000-pound load. 
Actually during overload conditions the resultant force will be in 
an upward direction. The bearings have operated satisfactorily for 
the various conditions of loading.
The clear inside width of the water channel is 22 feet at every 
section except at the pumps, where the section diverges to 26.5 feet. 
At this 26.5-foot section the channel is divided vertically at the 
centerline by a concrete pier 18 inches thick. The pier rises from
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the bedrock foundation of the water channel to the top of the 
structure. The pier deflects and divides the flow of water from 
the test section into each of the pump settings and forms a part 
of the foundation for each of the electric motors and pumps.
Immediately above each pump the water is deflected downward 
by guide vanes (Elbow F, Fig. 2). Upon discharge from the pumps 
the flow is deflected horizontally into the return duct by guide 
vanes EG, Fig. 2. Immediately after Elbow G the pier which has 
formed a wall between the two pumping units terminates. The 
return duct has a uniform rectangular cross-section 22 feet wide,
11 feet deep and 146 feet long. The velocity of the water in the 
return duct is lower than that in the pump section. I t  was thought 
that this condition, together with the length of the return duct 
would diminish the turbulence set up by the pumps. At the down­
stream end of the return duct the water is deflected upward by the 
guide vanes at Elbow H,
Fig. 2. The vertical flow 
produced by the guide vanes 
at Elbow H is deflected and 
diffused horizontally into 
the enlargement by guide 
vanes at Elbow E. The en­
largement has a uniform 
width of 22 feet and is 27 
feet deep and 30 feet long.
Within the enlargement and 
downstream from the guide 
vanes is a honeycomb. The 
enlargement tapers down 
but only in the vertical 
plane to the test section which has one-third the cross-sectional 
area. The enlargement, contraction, and test section are symmetri­
cal about the horizontal plane at the centerline. The profile of the 
contraction is formed by two long-radius reverse curves tangent 
to the enlargement and to points 9 feet apart at the test section. 
Hinged to the tangent point of the contraction at a point 9 feet 
above the floor of the test section is an adjustable lip 3 feet long. 
The lip can be adjusted to 6 degrees either side of the normal tan­
gent position.
F ig . 4— P ropeller  for  Cir c u la tin g  W a ter  
Ch a n n e l .
The bronze pump propeller is 12 feet 6 
inches in diameter and weighs 11 tons. It 
runs at a constant speed, and the blades 
are adjustable for varying the discharge.
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The test section is 22 feet wide, 12 feet 4 inches deep, and 60 
feet long. The water is normally 9 feet deep, which allows 3 feet 
4 inches of freeboard above the free water surface. Except for the 
variations in water depth produced by the adjustable lip the water 
channel cannot be operated at a depth greater than 9 feet; how­
ever it is possible to lower the water depth and operate at reduced 
speeds in the test section. For the first 40 feet of test section there 
are 10 viewing windows on either side and 9 in the bottom. The 
windows, which are secured in the walls of the test section, are 
placed at different elevations along the length. The windows in 
the bottom of the test section are placed along the centerline and 
at various positions either side of the centerline. This permits 
observations and photographs of various tests under .a variety of 
conditions. For a discharge of 1730 cubic feet per second per pump 
or a total discharge of 3460 cubic feet per second through the test 
section the theoretical maximum velocity is 10 knots (17 feet per 
second). Velocities of 11.3 knots have been recorded and there 
is indication that water speeds approaching 13 knots (22 feet per 
second) can be obtained. The channel floor slopes 0.06 foot in 60 
feet and the centerline of the enlargement, contraction and test 
section has the same inclination.
In addition to the main structure there is auxiliary equipment 
necessary to the operation of the water channel and testing of 
models. The equipment is comprised of
(1) two 10-horsepower oil pumps, gear type, 30 gallons per 
minute at 300 pounds per square inch each, which provide
oil pressure for servomotors of large adjustable blade 
pum ps;
(2) two 10-horsepower water pumps, centrifugal type, 550 
gallons per minute at a 55 foot head, which provide pres­
sure for the refiltration of the water in the channel and 
for the ejecting of air from the enlargement;
(3) three 78-inch pressure filters, rapid sand type, total dis­
charge 400 gallons per minute at 4 gallons per square foot 
of area;
(4) one motor generator set which has one 200-horsepower 
supply field to main motors; one 60-kilowatt, 125-volt, 
variable-voltage generator to supply field to main motors; 
one 60-kilowatt, 15-400-volt, variable-voltage generator to
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supply power for models and tests; and one 5-kilowatt, 125- 
volt electronic controlled generator to supply power for 
model studies;
(5) one control stand from which equipment can be remotely 
controlled;
(6) one test bridge 22 feet wide, 34 feet long, designed to sup­
port various types of dynamometers, towed bodies, and 
special devices.
F ig . 5— G e n e r a l  V i e w  o f  1 /2 2  S c a l e  C ir o u l a t in g -W a t e r -Ch a n n e l  M o d e l .
This model and a previous one were used to confirm the engineering principles 
that were developed and applied in the design of the full-scale TMB circulat­
ing water channel. Flow in the test section, which is the upper horizontal 
part of the circuit, is from right to left.
The approximate amount of fresh water required to fill the water 
channel to the normal depth of 9 feet is 670,000 gallons.
Before the water channel was built, the design was studied and 
tested by use of two % 2 scale models. Fig. 5 is a photograph of 
the second model which is still being used to study proposed alter­
ations to the prototype.
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O p e r a t in g  T e c h n i q u e
The water channel is filled from the Model Basin water supply 
system and is not drained unless absolutely necessary. The enlarge­
ment is filled when the water level exceeds the normal 9-foot depth 
in the test section by ejecting the air with a standard venturi-type 
air ejector operated by one of the 10-horsepower centrifugal pumps. 
An electrical water-level indicator lights a small red light on the 
control panel when the enlargement is full. At operating speeds 
exceeding 7 knots, air accumulates in the enlargement and it is 
necessary to operate the ejection system 3 to 4 times during a 6- 
to 8-hour period. The continuous ejection of air from the enlarge­
ment is not necessary.
After the channel has been filled and the volume of water checked 
by means of float gauges located along the wall of the test section, 
the equipment auxiliary to the operation of the main motors and 
pumps is checked. The adjustable blades of the large pumps are 
stroked and returned to zero blade angle. The main motors are 
then started by automatic switch gear controls. The operator can 
select the starting sequence of the large motors by starting each 
separately or by setting the selector dial at a position for auto­
matic sequence starting. After the main motors are started the 
blades of the pumps are not stroked until the motors are operating 
at full speed.
Safety screens, which prevent personnel from falling into the 
channel, span the test section above the free water surface. The 
safety screens and all equipment subject to the force of the water 
are given a final check to prevent accidents. The desired water 
speed is obtained by selecting the proper blade angle. The approx­
imate water volume is checked and the adjustable lip at the con­
traction is regulated to the proper position. The control of water 
speed in the test section is a function of the blade-angle setting 
of the large pumps, the correct amount of water, and position of 
the adjustable lip. Although a slight variation in water volume 
is necessary throughout the total range of water speeds, the ad­
justable lip can provide the necessary control up to 7 knots. There­
after a continued decrease in water volume is necessary.
The flow in the test section approaches a condition of gradually 
varied motion. Since the circuit is a closed loop and the test section 
is open to atmospheric pressure the adjustable lip is really a special
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form of sluice gate. The pumps, the total head of water above the 
pumps, and the closed circuit represent the forebay, and the section 
at the adjustable lip represents the sluice gate. Therefore any change 
in water level above the pumps will change the pressure in the 
closed return circuit and alter the flow conditions at the entrance 
to the test section.
The energy concept for flow in open channels is normally ex­
pressed in terms of the specific energy, i.e.,
V2Specific Energy =  —  -f- d
where V  is the mean velocity, g is the acceleration due to gravity, 
and d is the depth of water.
When the velocity of the water approaches the velocity of the 
elementary wave, the total energy of flow becomes unstable and 
variations in the profile of the free water surface will result. If 
the change in velocity is rapid a standing wave will form.
F i g . 6— F u l l -S c a l e  Cir c u l a t in g  W a t e r  Ch a n n e l .
Discharge versus Specific Energy for Various Depths of Water in Test Section.
At velocities below the velocity of the elementary wave, the 
water channel is operated at a normal depth of 9 feet. The specific 
energy increases with an increase in the discharge through the 
test section as shown in Fig. 6.
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As the discharge and the specific energy of the open channel 
flow increase, the velocity in the test section approaches the speed 
of the elementary wave, where:
To prevent the formation of waves or variations in the profile 
of the test section the adjustable lip is gradually lowered, reducing 
the depth and thus reducing the theoretical elementary wave 
velocity. Since, for this condition, the discharge can be kept con­
stant, the velocity in the test section will exceed the velocity of 
the elementary wave for the new reduced depth.
Studies are now under way to produce waves and gradually 
accelerated flow conditions in the test section for special studies. 
It is possible to produce a series of wave patterns in the test sec­
tion by varying the stroking of the adjustable blades at a given 
amplitude and frequency. Gradually accelerated flow conditions 
can be produced by stroking the adjustable blades from zero blade 
angle to the maximum angle at a predetermined rate.
F l o w  C h a r a c t e r is t ic s
The flow characteristics in the test section are related to various 
other elements of the water channel. The relationship of the various 
elements is a primary point in the design, calibration, and use of 
the water channel.
Power and Pumps
Since the electric motors drive the pumps at a constant speed 
of 80 revolutions per minute, the water speed, as previously men­
tioned, is controlled by adjusting the blade angle of the pumps. 
For an installation of this type any variation or fluctuation in the 
produced head or discharge rate from either one or both of the 
pumps will produce a surge in the flow of water in the test section. 
After installation and operation of the equipment it was found 
that a slight variation in the operation of the servomotor which 
drives the adjustable blades to the desired position produced a 
pulsation in the flow in the test section. Any initial pulse would 
be carried through and a continued pulsing of the flow would re­
sult. I t  was determined by the Model Basin staff and the pump 
manufacturers that the standard tolerances permissible on such 
equipment were not fine enough. The servomotor assembly and
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valve system had sufficient play and leakage of oil to permit such 
action to occur in a closed system of this type. The oil lines which 
supply the oil pressure to the servomotor wer.e then altered to per­
mit a gradual flow of oil to the servomotor directly from the oil 
pressure supply tank. After the servomotor piston has been actuat­
ed to the new position the slack in the mechanical linkages is taken 
up by the oil pressure directly from the oil pressure tank. Speeds 
within plus or minus 0.01 knot can now be selected and maintained.
One of the most critical points in the design, and one which is 
still giving trouble, is the intake to the pumps. The intake is at 
the lower end of the test section where the water is deflected down­
ward by the guide vanes at Elbow F. At speeds exceeding 5 knots 
the surface of the water in this vicinity becomes very turbulent. 
This is partially due to the resistance of the guidevane bank, which 
tends to produce a hydraulic jump. The rotation of the drive shaft 
also disturbs the flow slightly. In  addition there is a transition 
from a rectangular section in the testing channel to two circular 
sections in the elbow.
Model studies are now 
in progress on correc­
tive measures. A hood,
Fig. 7, placed just be­
low the water surface 
is being studied. The 
depth of water over the 
hood will be controlled 
to some extent by a 
hinged plate at the 
leading edge. The flow 
of water across the 
hood, at all but the very 
low speeds, will exceed and run through the centerline of one of the 
the elementary w ave pumps. This section represents a proposed
velocity for open-chan- alteration t0 the Elbow F Guide V*ne “ bly‘
, n . ... The flow from the test section is divided by an
nel flow. A standing 18-inch-thick concrete pier and is deflected into 
wave will form in the each of the pump settings by guide vanes at 
deeper water where the Elbow F. 
hood deflects downward.
The deep-water region will form a stilling pool where the down­
ward velocity of the water does not exceed the rate of rise of an
F ig . 7— P r o p o s e d  L o n g it u d in a l  S e c t io n  
T h r o u g h  E l b o w  F o f  t h e  TMB W a t e r  
C h a n n e l .
This is a section offset from the middle line
http://ir.uiowa.edu/uisie/31
air bubble. A narrow gap between the channel wall and the hood 
at the downstream edge of the hood permits the flow from the 
stilling pool to return into the main body of water. Research is 
being continued on the proper design of guide vanes or splitters 
within the hood. A uniform pressure and velocity distribution 
across the pumps is necessary to prevent any surge in the flow 
in the test section.
Enlargement and Contraction
The enlargement and contraction serve to reduce flow turbulence 
and to convert the pressure energy of flow into the kinetic energy 
needed in the test section. The enlargement and contraction will 
aid in the creation of a uniform flow; however, best results will
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P i g . 8— C ir c u l a t in g  W a t e r  Ch a n n e l .
Vertical Velocity Distribution in Test Section, Comparison of Pull Scale 
with Model.
be obtained if the flow in the enlargement has a uniform velocity 
distribution. Assuming that the pressure is uniform throughout 
the enlargement, the velocity components upon passing through 
the contraction will be increased by the value of the square root
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of the difference between the pressure at the entrance and the 
pressure at the exit of the contracting section. The contraction 
must be gradual enough to prevent any discontinuity in the trans­
formation of pressure energy into kinetic energy. The ideal con­
traction would be circular at every section and contracting in three
Local V elocity /A verage Velocity
F ig . 9— F u l l -S c a l e  C ir c u l a t in g  W a t e e  C h a n n e l .
Vertical Velocity Distribution in Test Section 4 Feet South of Centerline.
dimensions; however, in the water channel a contraction in only 
the vertical plane was made. The two-dimensional form of this 
contraction was developed to prevent a complicated, three-dimen­
sional transition to a rectangular test section. In  addition a con­
tracting section of 3:1 was sufficient for the range of velocities 
needed in the test section. The enlargement being symmetrical 
about the test section, a smooth, level flow results since the rate 
of pressure change through contraction is uniform in depth as well 
as across the section. At speeds approaching and exceeding the 
critical velocity the surface of the water across the test section 
is flat and standing waves do not form. On the other hand it is 
entirely possible that eddies and turbulence in the enlargement
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may be compressed in the vertical plane and elongated in the 
horizontal direction. Information as to the actual degree of tu r­
bulence has not been obtained to date. Directional pitot tubes in­
dicate no vertical or horizontal velocity components, but this is 
not a satisfactory answer. Large polished metal spheres 10, 14, and 
18 inches in diameter, will be used in the near future to compare 
the turbulence with the Taylor Model Basin towing tank facilities 
and the flow channels at the Iowa Institute of Hydraulic Research. 
Standard friction planes will also be used for these tests.
The guide vanes at Elbow E, Fig. 2, were adjusted to an angle 
such that a uniform velocity distribution resulted in the model. 
When this same angle was applied to the full scale, the velocity
2
4
? 60
1 8
Water Surface Z_
Location of Traverse
Maximum Variation Across 
Test Section 1.9%'
7
Location of Traverse
Maximum Variation Across 
Test Section 1.98%— i
1
5 § 
u. 
E
22’-0" —Ic
F i g . 10— F u l l -S c a l e  C ir c u l a t in g  W a t e r  C h a n n e l .
Horizontal Velocity Distribution in Test Section 3 Feet 8 Inches Down­
stream from Entrance.
was greater near the floor of the test section, Fig. 8. Since the 
guide vanes were deflected downward it remains to adjust them 
to a position closer to the normal setting for guide vanes. From 
calibration curves for both model and prototype a relationship be­
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tween Reynolds number and velocity distribution has been developed 
and will be used to reset the guide vanes.
Figs. 9, 10, and 11 are plots of the velocity distribution in the 
full-scale water channel. The shape of the veloeity-distribution 
curve does not vary with change in velocity, which is additional 
evidence that the guide vanes in Elbow E are the source of trouble.
Test Section
As mentioned previously, the test-section floor is sloped 0.06 
feet in 60 feet. The slope was designed to allow for the frictional 
resistance of the channel walls and floor at a water speed of 7.5 
knots (12.68 feet per second). During the model studies of the 
recirculating channel the problem of channel slope arose from the
F i g . 11— F u l l -S o a l e  C ir c u l a t in g  W a t e r  Ch a n n e l .
Horizontal Velocity Distribution in Test Section 35 Feet 8 Inches Down­
stream from Entrance.
fact that the model channel could not be satisfactorily operated 
without slope. The need of a slope in the prototype was studied 
and it was finally decided through model studies that the slope 
would not be detrimental to the flow at speeds less than 7.5 knots
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and might benefit the flow characteristics at speeds greater than 
7.5 knots. This was especially true when speeds approaching the 
elementary wave velocity were attained. The hydraulic radius of 
the model is A /P  =  0.15 foot, where A  is the cross-sectional area
P i g . 12— M u l t i p l e -S h i p  M o o r in g  T e s t , S in g l e  D e s t r o y e r  M o d e l .
The flow is from right to le ft with the model headed 120 degrees away 
from the current. The model and apparatus can be rotated abiftit a vertical 
axis to measure the longitudinal and lateral forces at various angles of yaw. 
The dark rectangle near the center of the picture is a window in the bottom 
of the channel.
in square feet and P  is the wetted perimeter of channel in feet. 
The hydraulic radius of the prototype is 22 times that of the model 
or 3.3 feet.
The Reynolds number for the model at a water temperature of 
60 degrees Fahrenheit and 1.6 knots is 33,500 (prototype speed 
of 7.5 knots) whereas for the same conditions for the prototype 
it is 3,458,000. The boundaries of model and prototype are equally 
smooth, which gives the prototype considerably lower relative
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roughness than the model. Visual evidence of this condition can 
be observed. Small surface waves of approximately one-thirty- 
second-inch depth are produced on both model and prototype at 
the boundaries. Considering relative roughness and Reynolds num-
F ig . 13—M u l t i p l e -S h i p  M o o r in g  T e s t , F o u r  D e s t r o y e r  M o d e l s .
The picture shows a test conducted in the circulating water channel to de­
termine the forces acting on a group of ships moored together in a current 
of water. The dial on which the longitudinal resistance was recorded is shown 
near the bow of one of the inboard models. The tests were made in shallow 
water to simulate the actual mooring conditions. The direction of flow is from 
right to left.
ber, the model has a friction coefficient approximately three times 
that of the prototype which is 0.01. It is doubted that any satis­
factory mathematical solution to the problem can be made. The 
slope in the prototype was established from experimental results 
on the model with an interpretation of relative roughness and 
Reynolds number effects. An adjustable floor in the prototype 
would be desirable; however, it would add another variable to the
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somewhat complicated control and would not be too practical to 
construct. The initial purpose of the slope was to produce a uni­
form depth of flow; however no appreciable slope in the water sur-
F ig . 14— M u l t i p l e -S i i i p  M o o r in g  T e s t , S i x  D e s t r o y e r  M o d e l s .
The dynamometers used to measure the lateral forces are shown near the 
ends of the models. Both are of the sliding-weight type with auxiliary springs. 
One of the dial gages used to record spring deflection is shown near the 
center of the picture. The flow is from left to right at an angle of 60 degrees 
to the direction in which the models are headed.
face has been measured on the prototype. More sensitive instru­
ments than the present inclined manometer boards will have to be 
installed to adequately measure the slope of the water surface, if 
any.
Tests
The water channel was used during the summer of 1945 for en­
durance tests and stability tests on minesweeping gear and special 
floats. For these tests water depths of 9 feet in the test section 
were used. Since September 1945 the water channel has been used
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for a series of multiple-ship mooring studies under the supervision 
of Mr. C. G. Moody of the Taylor Model Basin staff. For this test 
the depth of water in the test section has been reduced to approx­
imately 8 inches and water speeds between 0.25 and 1.50 knots are 
used to simulate mooring conditions in a harbor. The ships are 
tested at angles of yaw from dead ahead to dead astern singly and 
in groups of 2, 4, and 6, as shown in Figs. 12, 13, and 14. The 
lateral and longitudinal forces acting on the ships are measured 
at different angles to the current for each ship.
F ig .  15— F o r c e s  A c t i n g  o n  S i x  M o o r e d  V e s s e l s  o p  D D 6 9 2  C l a s s  i n  6 - K n o t  
C u r r e n t ;  D e p t h  o f  W a t e r ,  25  F e e t .
Fig. 15 is a plot of the lateral resistance and yawing moment 
against angle of yaw for a prototype water speed of 6 knots with 
6 ships moored in groups of 3. Considerable increase in resistance 
above the normal expected resistance is encountered due to the 
shallow water effects, and to the propellers which are secured in
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a fixed position. As shown by the plot, the first ship positioned 
in the current has the most resistance and the succeeding ships 
hide in the wake of the first when the groups are broadside to the 
current. A better knowledge of the forces encountered when moor­
ing ships has saved the government time and money.
Acknowledgment is made to the staff of the Taylor Model Basin 
and especially to Captain Harold E. Saunders, USN, under whose 
direction the Circulating Water Channel was designed, built, and 
placed in operation. Mr. Clyde W. Hubbard, now associated with 
the Naval Research Laboratory, Mr. C. E. Bowers, Lt. (jg) J. W. 
Harrison, and Mr. F. W. Puryear of the Taylor Model Basin staff 
deserve special mention for their part in the development and test­
ing of this new facility.
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THE INFLUENCE OF AIR ENTRAINMENT ON 
FLOW IN STEEP CHUTES
L. S t a n d i s h  H a l l
East Bay Municipal Utility District 
Oakland, California
S y n o p s i s
During the past 20 or 30 years, the construction of major hydrau­
lic structures has focused attention on the need for more informa­
tion relating to the phenomenon of air entrainment and its in­
fluence on the design of steep chutes. In the preparation of plans 
for smaller structures, engineers in the past have relied on judg­
ment and on a liberal allowance for a factor of safety, but never­
theless, in many instances the divergence between design and actual 
performance has been sufficiently great to require the repair or 
remodeling of a structure. With the expanding construction of 
large and important hydraulic structures, it has been increasingly 
apparent that design methods must be -placed on a more rational 
basis to create assurance that the flow will actually conform with 
the design assumptions.
From actual observation, the writer has found no cases in which 
the designed channel cross section was inadequate solely as a result 
of improper allowance for air bulking, since the generous freeboard 
usually allowed compensated for the deficiencies between the de­
sign and actual performance in this respect. In all cases investigat­
ed, the failure of chutes to carry the desired discharge was prin­
cipally due to the indirect effect of air bulking, which caused the 
computed velocities of the water to fall short of actuality. Excess 
velocities in a channel as a result of air entrainment have lead to 
the overtopping of side walls at (1) sharp horizontal curves, (2) 
sharp vertical curves, and (3) jump basins at chute terminals. In 
all these cases, the calculation of velocities with the provision for 
air entrainment will yield better conformity between the design 
and actual results.
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Calculations of the wetted area must be modified with respect 
to the application of normal frictional resistance, which is altered 
as a result of air entrainment, so as to produce higher velocities 
than would be calculated from the application of conventional flow 
formulas. In all cases where water flowing in a steep chute is 
allowed to accelerate over a sufficient distance, air is mixed with 
the water and the phenomenon of “ white water’” results. Very 
few volumetric measurements of the air which is mixed with the 
water under these flow conditions have been made. In general, 
model tests are futile; as sufficient velocity cannot be attained to 
create the phenomenon. Adequate measurements of velocities and 
entrainment of air on actual chute structures by the author in 1936 
and 1937 and by the U. S. Bureau of Reclamation in 1938 [1] have 
been previously described. Theoretical analysis of these data leads 
to the development of the formulas used in this paper for flowing 
water in steep chutes with the inclusion of an allowance for the 
effect of air entrainment. An example is given of the application 
of these formulas to the design of steep chutes.
C h a r a c t e r is t ic s  o f  H i g h  V e l o c i t y  F l o w
Definition of Chute and Illustrations of Use: A chute is a struc­
ture used for conveying water down steep inclines under free-sur- 
face conditions. This definition excludes falls or drops, or flow 
through pipes under pressure, but includes many other types of 
structures. Most types of ogee-shaped over-flow dams can be classed 
as chutes; discharge through tunnels may be included, in cases 
where it is anticipated that the tunnel will flow only partly full. 
The chute is used in many instances to convey water from a feed 
canal to a reservoir; in hydroelectric practice, irrigation, and munic­
ipal water supply, the chute is used to convey waste water from a 
main conduit down a steep slope to a nearby stream channel; in 
irrigation, the chute is also used to convey water from canals on 
bench lands to canals or laterals on bottomlands.
The principal design requirement for all chute outlet structures 
is that the energy of the released water will be dissipated so as to 
render the works free from injury by erosion. This may be ac­
complished by the hydraulic jump, by a nearly horizontal jet dis­
charging on a water surface, or by means of various types of dif­
fuser blocks or sills at the toe of the chute. In  the past, the dis-
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sipatioli of the high velocities has often proved a problem not 
yielding to solution by means of ordinary hydraulics. Rapid flow 
in steep chutes is subject to mechanical aeration as a result of the 
frictional resistance at the wetted perimeter and at the surface 
exposed to the air. With the possible exception of wide chutes, 
the effect of the wind velocity on air entrainment can be neglected. 
In all cases of high-velocity flow there exists a strong down draft 
of air parallel with the current, Air drawn into the water natural­
ly continues in the direction of flow after escape. The side walls 
of the chute provide protection from cross winds, except in cases 
of unusual channel width.
Mechanics of Air Entrainment: In narrow chutes, the entrain­
ment of air gradually encroaches on the jet from the side walls 
starting near the head of the chute until the whole water prism 
is composed of white water [2], In wide channels the entrainment 
of air appears to be generated after a certain velocity has been 
attained. With extremely smooth entrance conditions such as occur 
on the downstream face of the ogee-section overflow dam, entrain­
ment occurs immediately at the piers but in the intervening space, 
entrainment is delayed until the turbulent boundary layer occupies 
the entire depth; it may also occur in the turbulent wakes of piers.
Effects of A ir Entrainment on Chute Operations: The phenom­
enon of air entrainment develops velocities greater than those 
computed by the usual hydraulic formulas using the normal co­
efficients of frictional retardation. For example, in a concrete 
chute for which values of K utter’s n of 0.012 to 0.013 would be 
used, it has been found that the actual terminal velocities using 
the water cross section indicated the use of values of n from 0.008 
to 0.010. In addition, the bulking of the flow by the added mixture 
of air increased the water prism. Since the design of energy-dis- 
sipation structures is predicated on the computation of the correct 
velocity, the excessive increase in this factor in chute discharge 
results in marked variation between design and performance neces­
sitating costly remodeling or repairs to remedy the faulty struc­
tural conditions.
Added freeboard is required on chute side walls to handle the 
expanded water cross section, although the proper allowance for 
air entrainment introduces a serious problem only in those designs 
in which it is planned to provide for larger volumes of flow in
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rough-surfaced channels. Meager data available prior to 1936 in­
dicated that for small concrete chutes, having velocities ranging 
from 15 to 40 ft. per sec., the entrained air occupied from 15% 
to 35% of the cross section [3], Measurements of a masonry-lined 
chute in Austria give air entrainment ranging from 60% to 
80% [4], The use of such large percentages for air bulking in 
design would make large spillway chutes for the discharge of river 
floods very costly. For the design of such structures, more re­
search is still badly needed to determine the actual performance 
of air and water mixtures.
Secondary Effects: Unsatisfactory entrance conditions may in­
troduce flow patterns requiring rectification as a result, of excessive 
air entrainment or the production of cross waves [5]. Short-radius 
horizontal curves or an abrupt narrowing of the channel width 
by too short a transition section at the inlet below the point de­
veloping shooting velocities will produce cross waves that result 
in great variance with the design, and these cross waves may per­
sist through the length of the chute.
On unbanked horizontal curves of sharp radius the water will 
largely follow the outer wall, leaving the inner floor of the curve 
dry. The flow along the outer wall will exhibit maximum wave 
points, often resulting in unpredictable flow patterns in the chan­
nel below the curve.
In steep channels the water often tends to flow in a series of 
pulsations designated as “ roller waves”  or “ slugs” , since uniform 
flow at normal depth is unstable. In extreme cases the deepest 
part may become much deeper than that indicated by the standard 
formulas for uniform flow. Once this flow condition develops, it 
may easily result in overtopping of the side walls. A complete 
analysis of this phenomenon is not available, but studies that have 
been made indicate that the slope must be approximately four 
times the critical slope [6, 7]. I t  is possible that pulsations or 
waves will occur if the friction slope in any portion of the channel 
tends to exceed the bed slope. These surges differ from pulsations 
which normally occur in turbulent flow [8]. The pulsations in 
steep chutes are frequently of this latter type in an exaggerated 
form or a transitional stage between normal pulsating flow and 
true “ slug” flow.
The increase of velocities as an indirect result of air entrain-
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ment often leads to design failure by the overtopping of side-walls 
at sharp horizontal or vertical curves. For satisfactory operation, 
the vertical curves in short chutes must be designed for a flow 
trajectory equal to the theoretical velocity generated under the 
action of gravity for a vertical fall between the inlet and the 
point of vertical curvature. Horizontal curves must be banked 
for proper velocity of flow or else the height of the side walls must 
be increased to provide for a maximum pressure rise on the out­
side wall of about twice as high as it would be for a flow at the 
same velocity on a banked curve [9], The cross waves generated 
on unbanked curves usually continue in the straight channel below 
the curve, often with undesirable effects.
T h e o r y  o f  F l o w  i n  C h u t e s
Basic Assumptions: A rational formula for the calculation of 
air entrainment must be equally applicable to small chutes and to 
spillway channels of large capacity. To be of practical applica­
tion, such a formula should satisfy three requirements: (1) It 
should conform as nearly as practicable to established methods of 
hydraulic calculations; (2) it should be of sufficient simplicity to 
be readily applied; and (3) it should yield results that are in 
reasonable conformity with the measured tests of air entrainment.
The mechanics by which the air enters the water is only partially 
understood. Entrainment results from excessive turbulence and 
small surface waves generated by the relative velocity between air 
and water. Channel roughness is one of the important factors, and 
hence, entrainment of air usually starts along the side walls. The 
mechanism that carries the air downward against its natural ten­
dency to rise, is the turbulent motion of the water. Equilibrium 
for a given kineticity is only dynamic and air is continually en­
trained to replace that escaping. Changes in the kineticity, or the 
ratio of velocity head to potential head, are quickly reflected by 
changes in the percentage of entrained air. These changes are not 
instantaneous, there being a lag between changes in kineticity and 
air entrainment.
Personal observation and data collected from tests point to certain 
factors influencing air entrainment: (1) The velocity of the water, 
which depends on the slope of the energy grade line and the hy-
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draulic radius; (2) the roughness of the sides and bottom of the 
channel; and (3) the width of the channel.
For the computation of flow in a rectangular channel three for­
mulas are required [Eq. (1), (2), and (3)]. By the first equa­
tion the ratio of water in an air-water mixture flowing at high 
velocity may be determined.
Since the retardation factor depends on the perimeter wetted 
by the mixture, and because it is more convenient for purposes 
of computation to use a cross-section assuming no air entrainment, 
the relation between n and nc in the Manning formula is found by 
Eq. (2).
The length of travel in the chute required to gain assumed in­
crements in velocity can be computed for rectangular chutes by 
Eq. (3). For trapezoidal sections and sections of variable width, 
Eq. (1) still applies, but other equations must be used in place of 
Eqs. (2) and (3) [10, 11],
(1)K V 21 + gRc
( t r - H i+ T ) r  *>
a V q
dl ~g------ÿ ^ c o s * .
dV  . „ nc2 V2 (3)
Sin 2.21 R c*/*
N omenclature :
b — Width
g — Acceleration due to gravity
I — Distance along channel 
K  — Coefficient of air entrainment
n — Computed roughness coefficient to be used with R 0 & V0 
nc — Computed roughness coefficient to be used with Rc & VQ 
P c — Computed perimeter for a section of water only 
P 0 Observed perimeter for a section of air and water 
q — Discharge of water per unit width of channel
Rc — Computed hydraulic radius =
R0 — Observed hydraulic radius =
VPC
Q
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F or 7 0 — Observed velocity average in a section
a — Mean-velocity-head coefficient to obtain average kinetic 
energy in section 
9 — Angle of channel bottom with horizontal in degrees 
s — Ratio of water in a mixture of air and water, or the 
relative density
Hydraulic Jump Basins: An advantage of determining the cal­
culated areas of solid water is realized in the design of jump basins, 
which in many cases form the chute terminal. Here, the values of 
y c and A c together with the actual water velocity V0 at the toe of 
the chute should be used in the energy and momentum equations 
of the hydraulic jump [12]. If  the velocity-distribution factor a 
is used in the energy equation, a similar factor ft based on the 
summation of V 2 over the cross section should be applied to the 
momentum equation. This factor is smaller than a, which has 
values of about 1.07 to 1.10; corresponding values of ft ranging 
from 1.04 to 1.07 are generally applied.
The entrainment of air increases the velocity at the terminal of 
a chute, thereby increasing the kinetic energy at the entrance to 
a jump basin. Many illustrations could be cited of the unsatisfac­
tory operation of jump basins at the end of chutes due to the water 
velocity being greater than that for which the structure was de­
signed. In tests made in the laboratory at the w riter’s suggestion, 
air introduced to a stream discharging under a sluice-gate did not 
increase the depth of the mixture, but rather caused the mixture 
to travel at a higher velocity, while maintaining the same depth 
as without air. This increase in velocity resulted in the movement 
of the jump downstream [13].
Calculation of the jump basin dimensions, by using the true 
velocity in cases of air entrainment, will avoid the inadequate 
lengths and depths encountered in many constructed designs.
In many cases, other methods for energy dissipation prove more 
economical than the hydraulic jump. For small quantities of flow, 
baffle boxes or labyrinths are often used; and with larger dis­
charges, diffuser blocks or sills are frequently employed. The use 
of the jet is gaining in popularity, its most recent application on 
a large structure being at the spillway of the Fontana Dam in 
Tennessee [14, 15],
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Vertical and Horizontal Curves: Another of the problems in 
the design of chutes is the determination of the path of the water 
around vertical and horizontal curves. Concave vertical curves 
present no difficulty in design, except for stress created by the 
centrifugal force. Convex vertical curves must not be made sharper 
than the trajectory that would be followed by the high velocity 
water under the action of gravity. If  the flume bottom is steeper 
than this trajectory, the water will leave the bottom and may rise 
above the top of the side-walls as observed at Hat Creek and Kitti­
tas chutes. The trajectory will be a parabola tangent to the slope 
of the chute.
In  cases where it is desired to have the jet follow the profile 
alignment in the design of convex vertical curves on chutes, the 
bottom profile should be computed on the basis of the theoretical 
velocity determined from the total vertical drop, or on a value 1.2 
times the mean velocity determined from the energy gradient, 
whichever value is the smaller.
On vertical curves too sharp for maximum velocities, the bottom 
layers of water adhere to the floor of the chute, whereas the upper 
layers separate from the water prism, throwing the stream into 
spray. Air resistance gradually slows the velocity of the top spray 
causing the upper surface of the jet ultimately to conform to the 
chute profile. The increase in the retardation factor in such cases 
indicates a possibility of dissipating energy by this means. The 
same principle is utilized to some extent in discharging water from 
a chute bucket above the surface of the discharge pool. The throw­
ing of the jet into the spray assists in dissipating the energy in 
addition to its further dissipation by eddies and turbulence in the 
pool itself. The writer has found very few vertical curves in chutes 
that were properly designed so as to permit the trajectory of the 
water to follow the vertical profile at all discharges. Again, this 
is evidence of insufficiently large design velocities.
Since water traveling in the chutes is always at less than the 
critical depth, changes in horizontal direction are more difficult 
to make and, if possible, should be avoided. If  a horizontal curve 
becomes necessary, it should preferably be inserted near the head 
of the chute before the water has attained a high velocity. In cases 
of unusual entrance conditions, model tests should be made to test 
the design prior to actual construction.
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The concept of the flow regimen on horizontal curves has been 
greatly clarified by the studies of Professors Ippen and Knapp [9], 
the theory of flow differing for banked and unbanked curves. 
Banked cross sections are recommended on wide channels due to 
the tendency of the water to crowd to the outside channel wall on 
unbanked curves. Superelevation of the outer wall of the curve 
affords a better distribution of the flow and less extraneous disturb­
ance in the channel downstream from the horizontal curve.
Values of Constants to be Used in Design.
In beginning the design of a steep chute by the method described 
in the preceding section, it is first necessary to assume values for 
n, K, and a. Values to be assigned to a have already been discussed. 
Once air entrainment occurs with supercritical flow, values of the 
retardation coefficient n for the cross section occupied by the mix­
ture are the same as those values established as a result of many 
measurements of discharge with subcritical flow. Values of the 
coefficient K  have been ascertained from the test on the Kittitas 
chute made by the Bureau of Reclamation and from three tests 
made by the writer.
Retardation Factors: Chutes have been constructed of timber, 
metal, masonry, or concrete. A wide range of surfaces may result. 
The late Robert E. Horton assigned values of n for use in either 
the Kutter or the Manning formulas [16, 17].
For the four steep chutes used for air-entrainment tests, the 
values of the retardation factor using the observed areas and veloc­
ities conform, in general, with the range normally used for the 
appropriate surface. In Table 1 the most representative values of 
n and nc for both the Manning and the Kutter formulas are tabu­
lated for the four chutes. Exceptions were noted near inlets where 
unusual values were recorded as the result of entrance conditions. 
Similar high values occurred below the convex vertical curves on 
Hat Creek and Kittitas chutes due to the spreading of the cross 
section of the jet as the water left the bottom of the chute. Also, 
on the sharp horizontal curves in the South Canal chute an in­
creased friction loss was noted.
Comparison of the surfaces in the test chutes and the correspond­
ing retardation factors with other data leads to the question: Are 
the values of n computed on steep chutes using observed areas and
http://ir.uiowa.edu/uisie/31
velocities exactly equal to those obtained on similar surfaces with 
subcritical flow? Eliminating the values from the steep slopes of 
the Kittitas chute and of Hat Creek chute, it appears that the 
values of n are slightly lower than those generally applied to the 
surfaces described. This decrease of n may result from air entrain­
ment or it may be due to another feature of chutes in constant 
operation noted by the writer and referred to by Scobey [18]. 
Algae, moss, and insect larval growth are not scoured off by the 
high velocities, but apparently thrive on the excess air resulting 
from mechanical aeration. These growths tend to smooth the chan­
nel surface, a fact of considerable significance to the designer.
TABLE NO. 1
COMPARISON OP RETARDATION FACTORS IN  STEEP CHUTES
Manning Kutter Manning Kutter
Chute n n n0 nc
From: To: From: To: From: To: From: To:
Hat CreeTc Chute: Fair concrete with pronounced form marks and tie
wires projecting
e =  23° 30' to 27° 35' 0.010 0.013 0.013 0.013 0.008 0.010 0.008 0.010
9 =  34° 45'* 0.012 0.025 0.018 0.024 0.009 0.017 0.009 0.017
Rapid Flume: Planed wood with longitudinal battens.
0.010 0.012 0.011 0.012 0.008 0.010 0.008 0.010
South Canal Chute : Concrete, rough and pitted, aggregate fragments exposed.
Straight or gentle
curves 0.012 0.013 0.012 0.013 0.011 0.012 0.011 0.012
Sharp curves 0.013 0.014 0.013 0.015 0.011 0.013 0.012 0.013
Kittitas Chute: Concrete, sides smooth, bottom rough and pitted.
0 =  10° 12' 0.015 0.016 0.015 0.016 0.014 0.015 0.014 0.015
6 =  33° 10'* 0.019 0.021 0.019 0.021 0.014 0.015 0.014 0.015
* Trajectory of jet departs from profile of channel bottom on sharp convex 
vertical curve between upper and lower slopes. Large volume of air entrained 
at this point from which jet does not fully recover before end of chute.
More tests are needed on steep chutes, with complete measure­
ment of velocities as well as cross sections, in order that the friction 
slope may be determined with sufficient accuracy to permit com­
putation of additional values of n with high-velocity flow, in addi­
tion to those available at the present time. The velocity, the hydrau­
lic radius, and the slope of the energy gradient all enter into the
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determination of n, and, hence, any observational errors in ascer­
taining any of these quantities will affect the computed values of n.
Coefficient of Air Entrainment: The values of K  are reasonably 
consistent with the general condition of roughness of the respective 
channels. In Rapid Plume the wood construction results in the 
lowest value of the coefficient. Of the concrete channels, Hat Creek 
has a lower value than Kittitas chute, although the results from 
these two chutes are in close accord. The South Canal chute with 
its rough concrete bottom and sinuous alinement has the highest 
value of K.
Values of K  for ashlar masonry or rubble concrete have not been 
determined. Tests were planned by the writer in 1941 on the for­
mer type of construction, but due to the war these were never com­
pleted. I t appears that the value of K  increases with the roughness 
of the surface and, based on the available tests supplemented by 
personal observations, the following values of K  are suggested 
for use:
Rough ashlar or smooth cement-rubble ' 0.015 to 0.020
More experiments over a wide range of channels are needed to 
confirm the magnitude of the factor K. The straight-line relation 
of the air-water ratio to a dimensionless parameter indicates its 
application to all ranges of velocity in channel sizes from the 
smallest to the largest. Until such time as a more appropriate 
formula may be developed, Eq. (1) may serve as a framework 
upon which subsequent data may be tested.
Variation of s with V, K, and l i , : The nature of the relation­
ship between s and V  as expressed in Eq. (1) is difficult to visual­
ize because of the fact that four variables are involved. A series 
of curves has been drawn for values of K  equal to 0.005, 0.010, and 
0.020, showing the relation between s and V  for representative 
values of Rc. From a study of these curves, shown in Fig. 1, it is 
apparent that for constant values of V  and Rc, the percentage of
Surface Values of K  
0.003 to 0.004 
0.003 to 0.004 
0.004 to 0.006 
0.008 to 0.012
Plank flumes without battens 
Neat cement surfaces 
Cement mortar or average concrete 
Rough concrete or smooth dressed ashlar
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water in the mixture decreases as the coefficient K  is increased. 
Also, for constant values of K  and V, the percentage of water 
increases as Rc increases. Finally, with K  and R c constant, the 
percentage of water decreases as the velocity increases. These re­
lationships are also apparent from the examination of Eq. (1), 
but the influence of the changes in the various factors upon the 
percent of water in the mixture is best visualized from the graph­
ical presentation.
Velocity V in fps 
F ig .  1— T h e  K a t i o  s  a s  a  F u n c t i o n  o f  V ,  l i c, a n d  K .
E x a m pl e  of D esig n  P rocedure
In order to illustrate the results that may be obtained by the 
application of the design methods for steep chutes described in 
this paper, an example will be presented. The computations have 
been made for a discharge of 100 cu. ft. per sec. in a rectangular 
chute, a channel width of 8 ft. and a slope of 33° 10' (the same 
dimensions and slope as the steep portion of the Kittitas chute.
Water Surface Profile: The chute is assumed to start at the main 
canal where the steep slope (S., =  0.547) joins the mild upstream 
slope ((S'j =  0.001), so that critical flow will be obtained at this 
junction of the slopes; it is further assumed that entrance con­
ditions will create no air entrainment or wave patterns at the head 
of the chute.
Computations have been made for assumed w-values of 0.010,
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0.012, 0.015, 0.017, and 0.020, and the corresponding K  values 
of 0.003, 0.005, 0.005, 0.010, and 0.020.
The characteristics of this channel are first computed for the 
assumed values of n and K. Values of A,,, A’,., V0, and V02/g R c 
are computed from the discharge and the channel dimensions. 
Values of s are computed from Bq. (1) and the ratio nc/n  from 
Eq. (2). These factors are all plotted graphically as functions of 
the depth y c. I t should be noted that the channel characteristics 
differ with every channel depending on the discharge, the dimen­
sions and shape of the cross section, and the values of n and Ii 
chosen for the design.
The initial depth at the critical section should be increased if 
a is assumed to be greater than unity. For the assumed discharge 
and channel width in this case, the initial depth is 7.99 ft. In 
Table 2 an example is given showing the flow characteristics and 
computations for the values n =  0.015 and K  =  0.005.
Starting at the critical section, the values in columns 4 to 13 
in Table 2 are taken from the computed channel characteristics 
either directly or indirectly. The value of nc is taken only to the 
nearest 0.0005 near the head of the chute and is decreased from 
the initial value of 0.015 at the critical section to a value of 0.009 
with uniform flow. Columns 14 and 15 are obtained from Eq. (3). 
The friction slope in column 14 is the last term in the denominator 
on the righthand side of the equation. Values of V are taken in 
sufficiently small increments to assure accuracy; in this example, 
10% of V is used. The area of the mixture A„ in column 18 is ob­
tained by dividing the computed area in column 4 by the percent 
of water in the mixture from column 10, and values of y a and R0 
in columns 19 and 20 are taken from the curves of channel charac­
teristics by substituting values of A„, y 0, and R„ for the values of 
A c, y c, and Rv. The computations are continued until the friction 
slope equals the bed slope. In the case where n has been assumed 
0.010 and K  =  0.003, the friction slope reaches an equilibrium 
value only with a length of 2,255 ft. of channel. With a low ratio 
of water in a chute over 500 ft. in length, probably the terminal 
velocity would be attained when the air friction operated as a re­
tarding factor on the mixture of foam and spray.
Assuming the chute to have a length of only 400 ft., the com­
parison of flow characteristics at the chute terminal for the five
http://ir.uiowa.edu/uisie/31
TA
BL
E 
NO
.
 
2
CA
LC
UL
AT
IO
N 
OF
 
FL
OW
 
C
H
A
R
A
CT
E
R
IS
T
IC
S 
IN 
A 
ST
EE
P 
C
H
U
T
E
 
A
SS
U
M
PT
IO
N
 
NO
.
 
3
S'O'O o
.a  >> cs pa
| I * S
°fi
M ^ O
0 <i N
¿rip,
£
8
■S '3 
W '■»
^ 1 1 $§w
a  »>V
a™ +
rd rd O 
^  cd pd
KM
 ^—4H ^
00
q
o
CO
cq
iq
CO
TJH CO
CO
cq
1-
rH
05
q
cq
q q
L-
00
Cl
00 L-
CO
L—
o
t>-
00
q
b*
q
00
q
cq
t-
00
L-
cq
00
o
q
cq ci cq cq cq’ cq cq’ cq cq rH rH rH rH rH rH rH rH rH rH rH rH rH
o
r—H
o
TjH COb- b-rH COcq 05rH
t- o
TtH
00
o
00
t>-
CO
iq cq
co
rH q q
O
q
IO
cq
O
q
O
o
05
rH
to
CO
rH
q
00 b-' CO CO id id TJH* co CO co’ CO CO cq’ cq* ci cq* co’ CO co CO
00 cq cq cq iq cq TH cq co cq co to cq 00 cq o LO cq q
tH
CD
05*
»O
Tji
io
05 id rH
-t-
oo’
co
id
CO
cq*
CO
o
CO
oo’
cq
co
cq
id
cq
TJÍ
cq
CO
cq
CO
cq
ci
cq
CO
cq
T}H*
cq
to*
cq
co*
cq
CO
cq
<M# t> T—1 b- rH rH rH cq q 00 q cq q CO q 00 q cq cq b- «H
O © tH rH cq CO Tji id co CO o  
1—1
CO
rH
i-
rH
CO
cq
o
CO
rH
H-.
t-
to
c-
00
00
TH
rH
CO
CO
cq
t-
TtH
io
r i
M
CO
lo
cq
t>-
05
00
00
O
CO
cq
rH
iq
CO
l> q
t H
CO
00
cq
io
q
IO
HH
O
q
05
CO
cq
q
cq
iq rH
05
00
CO
q
TH
tq
CO
b-
rH tH rH cq ci ci cq CÓ CO CO tJH* Tji Tin id »d co 00 05 CÓ O
CO
TjH
rH
t-
00
CO
00
05
tq
00
rH
CO
o
CO
00
CO
cq
00
CO
rH
co
rH
l >
00
q
rH
05
cq
CO
LO
cq
CO
CO
IO
cq
q
to
CO
cq
rH
cq
rH
co
05
Cl
05
LO
q
CO
cq
q
05
q
05
H-
O
co
CO «Hd
O © © o ’ rH rH rH tH rH Cq’ cq co’ CO Tji id cd co rH
rH rH
TtH*
cq
rH
00
H
t-
CO
o
o
T*
00
o
©
o
rH
©
co
CO
rH
©
rH
CO
rH
©
t-
O
cq
©
CO
CO
cq
o
Tfi
cq
o
rH
tH
q
h-
io
q
tHt-
q
o
05
q
00
rH
rH
ri
rH
to
rH
co
rH
cq
05
to
cq
IO
rH
CO
cq
OO
CO
O
cq
to
O
tq
t--
TtH
tq
© o © © o* o o o o ’ o o o O O O* o o ’ O o o o o
io
rH
O
LO
rH
o
io
rH
©
to
rH
O
LO
rH
O
io
r—i
cq
io
rH
cq
IO
rH
O
io
rH
q
IO 
HH 
1— 1 
q
io
rH
O
TH
I—1
q
tH
rH
O
to
CO
rH
q
CO
rH
q
IO
cq
o
cq
rH
q
to
rH
q
rH
rH
q
o
rH
O
to
05
O
q
05
o
o
o* © o ’ © © © o O* o ’ o o* o O o o* o O o o O o ’ o
05 iq iq cq © cq cq rH q cq rH co q TÍH LO q 00 q q q q
C\j CO lo b^ co rH
rH
Ttí
rH
s
rH
cq’
cq
05*
cq
t>-’
CO
t-
TtH
rH
CO
CO
t-
rH
O
rH
o
CO
rH
05
o
T—i
00*
rH
cq
cd
co
Cl
cq
t-
oo
id
~v
H-
b- cq cq CO cq o IO q q iq t>- cq t- CO 00 q cq q q to q
rH rH cq’ cq’ CO id CO 00 o
rH
cq’
rH
LO
rH
05
rH
CÓ
cq
00
cq
CO
CO
05
CO
id ci
to
05
LO
HH
CO
05
O
CO CO 00 b- 00 o iq q q iq cq CO CO t>- cq q 00 q q tq q
CO
ó
00
05
t-
05
i-
05
CD
05
»d
05
id
05
CO
05
cq’
05 o ’05 00
'sH
oo
o
00
CO
i-
rH
t-
cd
CO
rH
CO to
CO
rjH rH idCO rHCO
o
CO
05
b-
LO
©
o co
cq TlH
OO
cq
00
o
O
00 r>
o
CO
tH 
1 >
LO
CO
00
CO
CO
cq
rH
q
o co
cq
rH
cq
CO
q
b-
q
rH
HH
© o ’ rH t-H rH cq CO Tji id O
rH
CO
rH
co
rH
Th*
cq
cq
CO
CO
to
cd cq
o
rH
HH*
CO
rH
05
rH
cd 
i— i 
cq
o
CO
o
05
CO
CO
.
06 05©
to
cq
CO t-
co
CO
00
00
cq
LO
CO
rH
cq
tH
cq
o
q
io
00
CO
cq
TH
1-
05
cq
00
LO
b^
cq
b^
co
o
pH
©
rH
i—1 
rH
Cl
rH
CO
rH
TÍH
rH
CO 
1—1
CO
rH
rH
cq
tH
cq
ci
cq
ni
CO
rH
tH
05
tH
05
IO
o id
00
cq
o
rH
CO
cq
rH
05
rH
o
00
T—l
rtn
O
cq
05
Oi
O
00
rH
00
CO
©
rH
iq
O
cq
CO
Hi
b-
o
CO
cq q
05
CO
o
CO
00
q
o
CO
CO
cq
TH
cq
o
00
l— 1 05
q 00HH
b-
CD
CO
HH
CO Tji LO b^ CO O
rH
cq
rH
id
rH
CO
rH
cq
cq
CO
cq
cq
CO
05
CO
L-
to
05
CO
CO
00
rH
o
rH
cq
cq
rH
CO 
TH 
T— 1
05
b~
rH
CO
o
cq
lo
CO
CO
rH
00
CO b-
to
cq
co
rH cq
o
HH
TÍH
H] COL-
CO
T}H
rH
IO
CO
q
CO
cq
io
cq
l~
rH
Ci
q
CO
00
to
L-
CO
TjH
t-
q
o
b-
LO
rH
1-
rH
00
rH
©
cq
cq
cq
id
cq cq
o
CO
CO
CO
co
CO
O
TjH Tt< oo’TH COto
05
IO
id
CO
rH
t'-
00
t-
cd
00
id
05
H^*
o
rH
i—i 
i—i 
rH
CO
CO
00
IO
05 o rH
CO
cq
cq
CCJ
rH
CO
q q
TtH
00
LO
b-
LO
q
t-
LO
t-
TlH
05
co
o
CO
05
cq
TjH 
i—1
b-
q
05
05
cq
q 00
ci Cl cq cq’ cq cq* cq* cq* rH tH rH rH rH rH rH i—l rH rH rH O* o ’ o
05 CO © rH 00 cq cq q q cq b- LO rtH cq q q IS q to tq q
CO
CO
00
io
CO10 00*TtH COtH 05CO COCO cq*CO OCO i-cq TjiOI cqcq Ocq 00rH COrH torH TjirH cqrH rHrH orH 05 05
05
CO
o
rH
io
iq
CO
©
CO
iq
b*
rH
05 05
cq rH GO
05
iq
LO
cq
CO
rH
tH
q
rH
q
CO
HH
CO
CO
O
cq
O
rH
o
q
TjH
q
CO CO 1d id rh CO CO CO oi cq’ cq* cq rH i—1 rH rH rH rH rH rH o
05
05
00
cq
CO
CO
rH
O T* 05
CO
IO
rH
rH
IO o 05q i—1 00 LOiq cqcq
,
11 cqq tH 05iq TJH rHCO 05rH cqrH
bT CO CO* id C0 co’ oo cq’ cq* cq’ cq rH rH rH rH rH rH rH
cq 05 o rH cq CO LO rH io CO 05 b- lr- O O 00 00 O cq
q
CO
o
o
+
o
o
o
+
o
o  cq 
o  o  
+  +  
O  o
co co 
o  o  
+  +  
o  o
05 CO 
O  rH 
+  +  
O  O
00
rH
+
O
IO CO
cq co 
+  +  
o  o
rji t'- 
tH IO 
+  +  
o  o
LO
t- 05 
+  +  
o  o
05 O
cq t- 
+  +  
rH rH
cq
+
cq
rtH CO 
rH CO 
+  +  
CO Ttf
cd
05
+
CO
TlH
+
cq
rH
o
M$
cr4H
©O
N
http://ir.uiowa.edu/uisie/31
assumptions is given in Tabic 3. The velocities are about equal 
for the three high values of n, but increase with the two lower 
values. The depth of the mixture increases as the coefficient of air 
entrainment increases.
TABLE NO. 3
COMPARISON OF TERMINAL DEPTHS AND VELOCITIES IN A STEEP 
CHUTE WITH VARIOUS SURFACES
Length on slope 400 feet; Inclination 33° 10'; 
Bottom width 8.0 feet; Rectangular Cross
Sin 6 — 0.547; 
i Section
Discharge 1,000 cu. ft.. per sec.
Water % of Mixture Friction
Depth Velocity Water Depth Slope
n K Vc r 0 s Vo S
0.010 0.003 1.20 104.5 47.5 2.52 0.270
0.012 0.005 1.23 101.5 37.5 3.28 0.315
0.015 0.005 1.36 91.5 43.2 3.15 0.400
0.017 0.010 1.36 92.0 28.0 4.86 0.410
0.020 0.020 1.37 91.0 16.5 8.30 0.410
Note: Bottom slope St greater than friction slope S at terminal of chute, 
i.e., velocity still increasing.
C o n c l u sio n s
I t cannot be repeated too frequently that the velocity of an air- 
water mixture on steep chutes is greater than that computed for 
water alone by the conventional hydraulic formulas. The inadequate 
length of many constructed jump basins is evidence that the actual 
velocities with entrained air are greater than the design velocities. 
Very few vertical curves in chutes are designed to permit the tra ­
jectory of the water to follow the vertical profile at all discharges. 
Again this is evidence of insufficient design velocities. The con­
struction of horizontal curves on steep chutes has often ended in 
failure of the structure by overtopping of the outer wall, partly 
because of excess velocities, and partly because of inadequate 
knowledge of the performance of water on banked and unbanked 
curves.
The method of calculation of flow characteristics in steep chutes 
described in this paper will yield results which are in reasonable 
conformity with actual velocities and the percentage of entrained
http://ir.uiowa.edu/uisie/31
air. The computations are subject to the usual uncertainties of 
hydraulic design resulting from the selection of values of the re­
tardation coefficient, and in this instance an additional coefficient of 
air entrainment. For the selection of the proper coefficient for the 
latter factor, the assumed data are admittedly meager and more 
observations are needed over a wider range of channel sizes, dis­
charges, and degrees of surface roughness.
A uniform definition of the observed depth should be adopted. 
The definition used in this paper as the average maximum and 
minimum depth to the base of the flying spray appears to be 
rational. Improvements in the techniques of measuring high veloc­
ities are needed in order to reduce the necessity of judicial inter­
pretation of field observations.
The possibilities for theoretical research and laboratory investiga­
tion are probably not exhausted. Further laboratory studies of 
the action of the hydraulic jump below a sluice gate with the in­
troduction of air at the downstream edge of the gate could be made 
to advantage. More studies are also desirable to determine the 
best means for dissipation of energy by different types of jump 
basins and types of jets.
Admittedly, the data collected on the chutes tested cover a rela­
tively small range of conditions, and it has been necessary to extra­
polate the coefficients on the basis of observation and subjective 
analysis. However, it is the w riter’s opinion that the theoretical 
approach utilized is sound, and the coefficients may be used judici­
ously in the design of steep chutes until more precise coefficients 
or formulas are developed by future investigations.
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CHARACTERISTICS OP HIGH-VELOCITY JETS
J. W . H ow e an d  C. J. P osey
State University of Iowa 
Iowa City
Intro ductio n
The investigation herein described is currently being carried on 
by the staff of the Iowa Institute of Hydraulic Research for the 
David Taylor Model Basin and the U. S. Coast Guard. It owes its 
origin to a young Coast Guard officer, Lt. P. E. Munley, who dis­
covered that a vaned barrel placed just ahead of the nozzle on a 
3-inch fire monitor caused a 30 percent increase in the range of 
the jet. This information when relayed to the Washington office 
led immediately to an intensive search of the literature on nozzles 
and ultimately to a contract with the Institute for the design of 
an improved fire monitor.
Aside from a recent investigation by Blair [1] on the discharge 
coefficients of small nozzles one inch and less in diameter and on 
the trajectories under relatively low pressures, little of a funda­
mental nature has been done since the classic investigation of 
Freeman [2] in 1888. Freeman determined the discharge coeffici­
ents of a great number of conventional nozzles of various sizes and 
proportions and measured the trajectories of the fire streams at 
several inclinations and pressures. He found that the discharge 
coefficients of the nozzles having cylindrical tips lay between 0.96 
and 0.98. Lower coefficients, due mainly to contraction of the jet, 
were found for ring nozzles of various types. There is no ques­
tion but that the high discharge coefficients found by Freeman as 
well as the all-around thoroughness of his work effectively dis­
couraged any subsequent research in this area. Two keen observa­
tions recorded in his paper, however, when viewed in the light of 
present-day knowledge, are of great significance. The first was 
that if the shoulder of the nozzle was of smaller diameter than the
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play pipe immediately ahead of it the jet had poor characteristics 
and reduced range. The second was that if the hose leading to the 
nozzle was not laid straight the range of the jet was decreased.
There were thus indications that even though little could be done 
to increase the discharge of a nozzle at a given pressure there were 
possibilities of increasing the range of the jet by attention to con­
ditions immediately upstream from the nozzle. From the stand­
point of the fire fighter, it is the amount of water which can be 
concentrated on the target rather than the amount which can be 
forced through the nozzle that is important.
F ig . 1— D is i n t e g r a t i o n  o f  a  T u r b u l e n t  J e t . V i e w  T a k e n  25  F e e t  f r o m
N o z z l e . J e t  i s  A p p r o x i m a t e l y  1 F oot  W id e  a n d  M o v in g  a t  a  S p e e d  
o f  125  F e e t  P e r  S e c o n d .
R ole of T u r b u l e n c e
The fundamental research of recent years on turbulence has dis­
closed the presence of innumerable eddies and vortices moving along 
in the flow with a general translatory motion. Observation of the 
velocity at a point therefore reveals velocity components in trans­
verse directions as well as variations in the longitudinal direction 
as the eddies pass the point. So long as the flow is confined, par­
ticles of water moving outward from the centerline are turned 
back by the boundaries and the average longitudinal components 
must equal the mean velocity of flow.
Once the flow emerges into the air, however, small masses of 
fluid having transverse velocity components are free to move later­
ally and separate from the jet without interference from the bound­
ary. Likewise, variation of velocity in the forward direction can 
result in loss of contact between water particles, since no vacuum 
is produced by their separation. It is at once apparent that a free
http://ir.uiowa.edu/uisie/31
jet containing any degree of turbulence is destined to break apart 
and disintegrate at a rate dependent upon the amount of turbulence 
in the flow as it leaves the nozzle. Indeed, this type of disintegration 
would occur even though the jet were discharged into a vacuum.
In air, however, the eddies which whirl out of the main stream 
are immediately retarded and disintegrated by the resistance of 
the air. Furthermore, voids caused by separation of water particles 
are immediately filled with air. Fig. 1, a high-speed photograph 
of a turbulent jet taken about twenty-five feet from the nozzle, 
clearly shows the great amount of separation which has occurred 
in a fraction of a second. The jet at this point is about one foot 
wide and, though appearing solid to the naked eye, is in reality a 
procession of individual masses of water separated by air.
One of the characteristics of a jet which surprised the writers 
was its ability to set in motion large quantities of air, an action 
particularly typical of poor jets. It was apparent that such a jet 
might not only fail to bring water to the target in adequate amounts 
but might actually aid the fire by pumping in significant quantities 
of oxygen.
F ig . 2— E d d ie s  B r e a k in g  O u t  o f  i y 2 -iNOH J e t  N e a r  N o z z l e .
Fig. 2, a high-speed picture of a l^ - in c h  jet leaving a nozzle, 
shows unmistakable evidence of eddies turning out of the main 
jet shortly after their escape from the nozzle boundaries. The 
velocity of the water in these pictures (Figs. 1 and 2) is approx­
imately 125 feet per second and the time of exposure 1/20,000 
second.
Turbulence of sufficient intensity to cause disintegration of the 
jet may have three recognizable sources. Of greatest importance
http://ir.uiowa.edu/uisie/31
is the internal turbulence caused by the monitor. Figs. 3 and 4 
show the 3-inch and 6-inch Coast Guard monitors in present-day 
use. A horizontal swivel joint with an interior rod to resist the
P ig . 3— T i i r e e -i n c i i  C o a s t  G u a r d  M o n it o r .
upward thrust and the symmetrical “ ram ’s horns” to balance the 
horizontal thrusts and provide freedom of movement in the vertical 
plane account for the general shape of the unit. The relatively 
small and tortuous passages create severe secondary currents and
P i g . 4— S i x -i n c h  C o a s t  G u a r d  M o n it o r .
favor the formation of numerous eddies as the water encounters 
the many changes of direction in its route. The smaller monitor 
is obviously more likely to create intense internal turbulence than 
the larger.
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A second source of turbulence lies in the form of the nozzle it­
self. There is curvature in most of the flow lines as the flow starts 
to converge at the base of the nozzle. Eddy formation in such zones 
is characteristic. Nozzles having cylindrical tips offer another 
source of turbulence due to the likelihood of separation at the 
change in boundary direction at the junction with the cylinder. 
Eddies formed by boundary shape would probably be found near 
the surface of the jet and would account for much of the frosty 
appearance of the stream as it issues from the nozzle.
F ig . 5— E x p e r im e n t a l  M o n it o r .
The third source of turbulence is in the surface of the nozzle 
walls. A long, tapered nozzle will develop a fine-scale turbulence 
in the boundary layer which also causes a somewhat frosty appear­
ance of the jet, though not of the same whiteness as that caused 
by separation.
An experimental monitor designed to minimize turbulence due 
to the causes described above is shown in Fig. 5. Large passages 
to reduce the velocity through the monitor, vaned mitre bends to 
reduce secondary currents and eddy formation, and a short nozzle 
having an easy transition from the barrel and no reversal of cur­
vature at the top appeared to offer the best possibility of reducing
http://ir.uiowa.edu/uisie/31
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the amount of turbulence in the jet and, at the same time, of meet­
ing the practical requirements of maneuverability demanded of 
these units. Interest centered entirely on the hydraulic character­
istics of the experimental monitor; the joints and flanges seen in the 
picture served merely to facilitate alteration or substitution of 
particular elements of the monitor.
E x p e r i m e n t a l  E q u i p m e n t
In  order to make quantitative measurements upon which a com­
parison of monitor performance could be based, it was necessary 
to assemble or develop a considerable amount of equipment. A set 
of eight Chrysler-Hale pumps of the type used in the Coast Guard 
fire boats was installed at the south end of the laboratory. One of 
the river flumes under the laboratory was bulkheaded and used 
as a test chamber, the bottom of the flume serving as the sump into 
which the jet fell; this space was 120 feet long, 10 feet wide, and 
18 feet high and made it possible to eliminate the variable effect 
of natural wind currents as well as to operate during the winter 
months (see Pig. 6). A dis- 
charge |§|
pipe, each 12 inches in di­
ameter, led from the pumps 
to the test chamber. The 
first supplied a monitor 
stand as well as a 10-foot 
length of 12-inch pipe used 
in testing nozzles. The op­
posite end of the discharge 
line supplied two monitor 
stands on the river side of 
the laboratory.
A sampler mounted on a 
travelling carriage was con- /¡f «
structed for use in measur­
ing the concentration of j l  
discharge some distance 
from the nozzle (Fig. 7).
Nine ^4-inch tubes mounted F to. 7— J e t  S t r ik in g  S a m p l e r  M o u n t e d  
in a slender vertical boom o n  T r a v e l l in g  Ca r r ia g e .
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at one-foot intervals were connected by rubber tubing to a 
distributing panel inside a cabin hung from the carriage (Fig. 
8). The panel could be moved horizontally in such a manner 
as to deliver the water caught by the tubes to graduated flasks or 
to divert it to waste troughs. The boom containing the nine samp­
ling tubes could be moved 5 feet horizontally and 1 foot vertically 
by controls inside the cabin.
F ig . 8— D i s t r i b u t i n g  P a n e l  a n d  G r a d u a t e d  F l a s k s .
Other equipment, including two Emery Bourdon gages, calipers, 
a pitot tube, an inclinometer, and a special camera were purchased 
or constructed as needed. The Bourdon gages, specially made for 
the project, had a range of 250 pounds per square inch and when 
compared with a 40-foot mercury column were found to be accur­
ate within 0.5 percent.
Te st  P rocedures
Relative jet characteristics were determined in three ways, the 
first being a velocity traverse by pitot tube. A conventional plot 
of velocity versus radius of jet indicated the effect of nozzle boun­
daries. Since the registration of a pitot tube on the edge of a high- 
velocity jet is subject to some uncertainties, the traverses were not 
used to determine discharge but were valuable for indicating the
http://ir.uiowa.edu/uisie/31
depth of boundary influence. Direct gravimetric calibration of the 
nozzles was made using the main laboratory scales.
Observation of the concentration at some 500 points in a vertical 
plane 90 feet from the nozzle tip provided data for a contour plot
Run No. 54
x in feet
F ig . 9— T y p ic a l  P l o t  o f  J e t  Co n c e n t r a t io n s  90  F e e t  f r o m  N o z z l e .
such as that shown by the worksheet of Fig. 9. Because of the 
common use of gallons per minute as a flow unit by fire fighters, 
the plots were based on gallons per minute per square foot of jet 
area and could be integrated to yield the total flow reaching the
http://ir.uiowa.edu/uisie/31
section. For purposes of comparison, the jet diameter in all cases 
was made 1% inches and tests were run at 100 pounds per square 
inch total (pitot) pressure.
The third test procedure consisted simply of taking outdoor 
photographs of the jets at times when little or no wind was blow-
F ig . 10— J e t  f r o m  3-i n c h  Co a s t  G u a r d  M o n it o r .
ing. A fixed-focus camera mounted at a certain point across the 
river from the monitors and using the laboratory building as a 
background provided good comparative evidence on the actual 
range and dispersion of the jets. Fig. 10 is a typical photograph, 
showing the 3-inch Coast Guard monitor discharging at 100-pound- 
per-square-inch base pressure.
Te st  Ser ies
The testing program was divided into two series. The first dealt 
with nozzle form only. A 10-foot length of 12-inch pipe with a 
perforated plate at its entrance, a honeycomb near the middle, and 
a conical reducer at the downstream end preceded a 6-inch barrel
2 feet in length on which the nozzles were mounted. Approach 
conditions were therefore identical for all nozzles, and turbulence 
in the approaching flow was thought to be at a minimum. Nozzles 
varying in form from a plane orifice to a conventional 7° cone with
http://ir.uiowa.edu/uisie/31
a cylindrical tip as shown in Fig. 11 were tested for concentration 
at 90 feet by the sampling procedure previously described.
The second series of tests was run on the 3-inch and 6-inch Coast 
Guard monitors and on the experimental monitor with the 45° 
nozzle. Likewise, outdoor photographs were made of the monitors 
at base pressures of 100 and 150 pounds per square inch. Fig. 12 
shows the marked difference in the concentration of the jet from 
the same nozzle when mounted on the 3-inch monitor and on the 
12-inch pipe.
Ten ta tive  R e s u l t s
Because of the rapid acceleration of the flow in the nozzles, an 
almost uniform velocity was indicated by the pitot traverses re-
9 0 ' 9 0 ' 4 5 ' 3 0 ' 7 '
N o z z le s  w i t h  V a r io u s  A n c le s  o f  C o n v e r g e n c e  a t  t h e  7Tp
D ia m e t e r  o r  J e t  a t  Ve n a  Co n t r a c t a  - / .5 Ö  in c h e s
for 6 M onitor for 3 Monitor O.G. 7 " Nozzles with Up Cylinders
Standard !? "  C G. Nozzles
F ig . 11— N o z zl e  F o r m s  T e s t e d .
gardless of nozzle form. Fig. 13 shows the distribution of velocity 
in a jet which completed its contraction outside the nozzle and in 
a jet issuing from a long nozzle with a cylindrical tip. Some re-
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F ig . 12— D i f f e r e n c e  i n  J e t  Co n c e n t r a t io n  C a u s e d  b y  A p p r o a c h  C o n d it io n s .
duction of velocity at the surface is evident in the latter case, 
though it will be observed that the difference is confined to a thin 
layer approximately 0.06 inch thick. The pitot-tube size is in­
dicated in the figure. Indicated velocities are plotted opposite the 
position of the centerline of the pitot tube. Since pitot pressures 
are recorded as soon as the edge of the tube enters the jet, this 
gives apparent velocities outside of the jet boundary. The assump-
F ig . 13— V e l o c it y  D is t r i b u t i o n  i n  1 % - i n c h  J e t s .
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tion that the pitot pressure correctly indicated the velocity at the 
jet side of the square-ended pitot tube permitted integration of the 
pitot results to obtain close agreement with discharges obtained by 
timing and weighing.
I t was observed during the tests that jets having reduced velocity 
at the edge caused by separation have a frosty appearance while 
those with the uniform distribution characteristic of the short 
nozzles without cylindrical tips were smooth and nearly trans­
parent. It is thus apparent that nozzle form influences the surface 
texture of the jet and accounts for much of the spray which falls 
off as the water leaves the nozzle.
Jet concentration was determined from the contour plots by in­
tegrating the flow and plotting as ordinates the cumulative dis­
charge between contours expressed as a percentage of the nozzle 
discharge, and as abscissas the cumulative area of the contours from 
the center outward as shown in Figs. 14 and 15. The failure of the 
curves to rise to 100% of the discharge from the nozzle is attribut­
ed mainly to the fact that some of the water fell as spray between 
the nozzle and the sampler and to some extent to the fact that no 
attempt was made to measure the fine spray at the edges of the jet.
The comparison of the concentration of jets from different forms 
of nozzle (Fig. 14) indicated that the long nozzle with a cylindrical 
tip has a relatively low concentration in the center of the jet (at 
small areas) but ultimately puts a high percentage of the nozzle 
discharge into a large area such as 10 square feet. The short nozzles 
without cylindrical tips show the opposite tendency, yielding high 
concentration near the center of the jet but failing to get as much 
of the water to the target area, ultimately, as does the more con­
ventional form. I t was supposed that the high concentration at the 
center of the jet would indicate the ability of the jet to travel great­
er distances. However, this supposition could only be verified by 
the outdoor tests.
A comparison of concentration in l^ - in ch  jets from the 3-inch 
and 6-inch Coast Guard and the experimental monitor with a short 
45° nozzle is shown in Fig. 15. The superiority of the experimental 
monitor is indicated by the higher concentrations throughout the 
entire range of jet area, although the 6-ineh Coast Guard monitor 
is not greatly excelled.
Pictures taken outdoors with the three monitors throwing i y 2-
http://ir.uiowa.edu/uisie/31
F ig . 16— P h o t o g r a p h ic  Co m p a r is o n  o f  M o n it o r s  a t  20° I n c l i n a t i o n ,
100 p s i  P r e s s u r e .
inch jets are compared in Figs. 16 and 17, which were taken at 
base pressures of 100 and 150 pounds per square inch, respectively. 
From top to bottom are shown the 3-inch Coast Guard monitor, the 
6-inch Coast Guard monitor, and the experimental monitor with 
45°, 30°, and 7° nozzles. The latter had a cylindrical tip with a
http://ir.uiowa.edu/uisie/31
large-radius rounding between the conical and cylindrical sections, 
the length of the rounding being 2 tip diameters. The marked 
superiority of the lower photographs is evidence that a considerable 
amount of turbulence is eliminated by the design of the experiment­
al monitor, the best jet travelling nearly twice as far as that from 
the 3-inch monitor.
3 so loo iso a» a®
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P i g . 17— P h o t o g r a p h i c  C o m p a r i s o n  o f  M o n i t o r s  a t  20° I n c l i n a t i o n , 
150 p s i  P r e s s u r e .
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The presence of slugs of water and dropping spray fairly close 
to the monitor suggests that further improvements in design may 
be possible both in the monitor and in the nozzles, and at the time 
of writing new nozzle forms are being prepared. There is some in­
dication that the best nozzle form may have curved boundaries 
which would make machining difficult. Possibly nozzles formed 
with a suitable plastic could overcome this practical difficulty and 
have the added advantage of smooth interior surfaces.
A c k no w ledg em en ts
The fire-monitor investigation is an Institute project and had 
the help at one time or another of practically all the members of 
the Institute staff. Dr. Rouse had general charge and contributed 
generously in ideas. James Barton, Emmett Laursen, Maurice 
Albertson, and Donald Metzler, Research Associates, have had an 
important connection with the design and construction of equip­
ment or with the testing procedure. The Institute is indebted to 
the David Taylor Model Basin of the Bureau of Ships and to the 
Coast Guard for permission to present the factual material con­
tained in the paper.
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of problems in the fields of fluid mechanics, hydrology, and hy­
draulic engineering. Through this medium the University has 
cooperated with government agencies, technical societies, and in­
dustrial concerns throughout the country. Correspondence regard­
ing the services of the Institute should be addressed to Hunter 
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STUDIES IN ENGINEERING
Bulletin 1. The Flow of Water Through Culverts, by D. L. Yarnell, F. A. 
Nagler, and S. M. Woodward, 1926. 128 pages, 26 figures, 23 plates. Out of 
print.
Bulletin 2. Laboratory Tests on Hydraulic Models of the Hastings Dam, 
by Martin E. Nelson, 1932. 72 pages, 40 figures. Out of print.
Bulletin 3. Tests of Anchorages for Reinforcing Bars, by Chesley J. Posey, 
1933. 32 pages, 18 figures, price $0.50.
Bulletin 4. The Physical and Anti-Knock Properties of Gasoline Blends, 
by Theodore R. Thoren, 1934. 32 pages, 13 figures, price $0.35.
Bulletin 5. The Transportation of Detritus by Flowing Water—I, by F. 
T. Mavis, Chitty Ho, and Yun-Cheng Tu, 1935. 56 pages, 15 figures, price $0.50.
Bulletin 6. An Investigation of Some Hand Motions Used in Factory 
Work, by Ralph M. Barnes, 1936. 60 pages, 22 figures. Out of print.
Bulletin 7. A Study of the Permeability of Sand, by F. T. Mavis and 
Edward F. Wilsey, 1936. 32 pages, 12 figures, price $0.35.
Bulletin 8. Radiation Intensities and Heat-Transfer in Boiler Furnaces, 
by Huber O. Croft and C. F. Schmarje, 1936. 32 pages, 17 figures, price $0.35.
Bulletin 9. A Summary of Hydrologic Data, Ralston Creek Watershed, 
1924-35, by F. T. Mavis and Edward Soucek, 1936. 72 pages, 25 figures, price 
$0.50.
Bulletin 10. Report on Hydraulics and Pneumatics of Plumbing Drainage 
Systems—I, by F. M. Dawson and A. A. Kalinske, 1937. 32 pages, 5 figures, 
price $0.35.
Bulletin 11. The Transportation of Detritus by Flowing Water—II, by 
F. T. Mavis, Te-Yun Liu, and Edward Soucek, 1937. 32 pages, 8 figures, price 
$0.35.
Bulletin 12. Studies of Hand Motions and Rhythm Appearing in Factory 
Work, by Ralph M. Barnes and Marvi.n E. Mundel, 1938. 64 pages, 24 figures. 
Out of print.
Bulletin 13. Hydraulic Tests of Small DifEusers, by F. T. Mavis, Andreas 
Luksch, and Hsi-Hou Chang, 1938. 32 pages, 16 figures, price $0.25.
Bulletin 14. A Study in Flood Waves, by Elmer E. Moots, 1938. 32 pages, 
7 figures, price $0.25.
Bulletin 15. The Road Map of Hydraulic Engineering in Iowa, by E. W. 
Lane and Edward Soucek, 1938. 16 pages, 4 figures, price $0.25.
Bulletin 16. A Study of Hand Motions Used in Small Assembly Work, by 
Ralph M. Barnes and Marvin E. Mundel, 1939. 68 pages, 33 figures, price 
$0.50.
Bulletin 17. A Study of Simultaneous Symmetrical Hand Motions, by 
Ralph M. Barnes and Marvin E. Mundel, 1939. 40 pages, 15 figures, price $0.40.
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Bulletin 18. Percolation and Capillary Movements of Water Through Sand 
Prisms, by F. T. Mavis and Tsung-Pei Tsui, 1939. 32 pages, 13 figures, price 
$0.25.
Bulletin 19. Two Decades of Hydraulics at the University of Iowa, Ab­
stracts of Theses, Publications, and Research Reports, 1919-1938, edited by 
F. T. Mavis, 1939. 84 pages, price $0.50.
Bulletin 20. Proceedings of Hydraulics Conference, edited by J. W. Howe,
1940. 260 pages, 84 figures. Out of print.
Bulletin 21. Studies of One- and Two-Handed Work, by Ralph M. Barnes, 
Marvin E. Mundel, and John M. MacKenzie, 1940. 68 pages, 31 figures, price 
$0.50.
Bulletin 22. The Study1 of the Effect of Practice on the Elements o f a 
Factory Operation, by Ralph M. Barnes and James S. Perkins with the assist­
ance and collaboration of J. M. Juran, 1940. 96 pages, 34 figures, price $0.75.
Bulletin 23. An Annotated Bibliography of Fishways, by Paul Nemenyi,
1941. 72 pages, 12 figures, price $0.50.
Bulletin 24. An Investigation of Fishways, by A. M. McLeod and Paul 
Nemenyi, 1941. 64 pages, 15 figures, 6 plates, price $0.50.
Bulletin 25. The Electrostatic Effect and the Heat Transmission of a Tube, 
by Melvin R. Wahlert and Huber O. Croft, 1941. 40 pages, 10 figures, price 
$0.40.
Bulletin 26. Investigations of the Iowa Institute of Hydraulic Research, 
1939-1940, edited by J. W. Howe, 1941. 64 pages, 15 figures, price $0.40.
Bulletin 27. Proceedings of the Second Hydraulics Conference, edited by 
J. W. Howe and Hunter Rouse, 1943. 352 pages, 167 figures. Out of print.
Bulletin 28. The Preparation of Stoker Coals from Iowa Screenings, by 
H. L. Olin, 1942. 64 pages, 22 figures, price $0.50.
Bulletin 29. Study of Transportation of Fine Sediments by Flowing Water, 
by A. A. Kalinske and C. H. Hsia, 1945. 40 pages, 18 figures, price $0.40.
Bulletin 30. The Iowa Institute of Hydraulic Research, 1946. 80 pages, 36 
figures, price $0.50.
Bulletin 31. Proceedings of the Third Hydraulics Conference, edited by 
J. W. Howe and J. S. McNown, 1947. 332 pages, 163 figures, price $2.50.
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Reprint No. 1. Flow Characteristics in Elbow Draft Tubes, by C. A. Mock- 
more, 1937. 36 pages, 19 figures. Reprinted from Proceedings of the American 
Society of Civil Engineers, Feb., 1937, pp. 251-286. Price $0.25.
Reprint No. 2. Yacuum-Breaker Development for Back-Siphonage Pre­
vention, by F. M. Dawson and A. A. Kalinske, 1937. 15 pages, 3 figures. Re­
printed from Journal of the American Water Works Association, Yol. 29, No.
3, March, 1937, pp. 307-321. Price $0.15.
Reprint No. 3. Plow of Water Around 180-Degree Bends, by David L. 
Yarnell and Sherman M. Woodward, 1937. 64 pages, 48 figures. A reprint of 
Technical Bulletin No. 526, United States Department of Agriculture, Wash­
ington, D. C., Oct., 1936. Price $0.10.
Reprint No. 4. Miscellaneous Papers in Hydraulic Engineering.—1. Price 
$0.35.
An Analysis of Unusual Precipitation Records in Iowa, by F. T. Mavis and 
J. W. Howe. Reprinted from Journal of the American Water Works Associ­
ation, Vol. 27, No. 2, Feb., 1935.
The Frequency of Intense Rainfall in Iowa, by F. T. Mavis and D. L. 
Yarnell. Reprinted from the Bulletin of the Associated State Engineering 
Societies, Oct., 1935.
Fundamental Hydrologic Considerations for the Design of Impounding 
Reservoirs in the Middle West, by E. L. Waterman, F. T. Mavis, and Edward 
Soucek. Reprinted from Journal of the American Water Works Association, 
Vol. 28, No. 2, Feb., 1936.
Reprint No. 5. Miscellaneous Papers in Hydraulic Engineering.—2. Price 
$0.35.
Research Notes, Hydraulic Research at Iowa University, by F. T. Mavis. 
Reprinted from Engineering News-Record, Sept. 26, 1935.
Capacity of Creosoted-Wood Culverts Studied, by F. T. Mavis. Reprinted 
from Engineering News-Record, Oct. 18, 1934.
Slide Rule for Routing Floods Through Storage Reservoirs or Lakes, by 
Chesley J. Posey. Reprinted from Engineering News-Record, Apr. 25, 1935.
Plush Wave Velocities in Sewers, by E. W. Lane and O. J. Baldwin. Re­
printed from Engineering News-Record, June 13, 1936.
Sutro Weir Investigations Furnish Discharge Coefficients, by Edward Soucek, 
H. E. Howe, and P. T. Mavis. Reprinted from Engineering News-Record, Nov.
12, 1936.
Predicting Stages for the Lower Mississippi, by E. W. Lane. Reprinted 
from Civil Engineering, Feb., 1937.
Reprint No. 6. Sewage Treatment at Iowa City, Iowa, by Earle L. Water­
man and Royal E. Rostenbach. Reprinted from Sewage Works Journal, Vol.
10, No. 1, pp. 106-114, Jan., 1937. Price $0.15.
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Reprint No. 7. Miscellaneous Papers on Management.
A Plan for Job Evaluation, by Ralph H. Landes. Presented at Management 
Conference in Iowa City, April 8, 1938. Out of print.
References to Papers by the other Conference Speakers.
Practical Applications of Motion-Study Research, Ralph M. Barnes. Re­
printed from Mechanical Engineering, May, 1938. Out of print.
Keprint No. 8. Two Papers on the Hydraulic Jump. Price $0.10. 
Hydraulic Jump in Trapezoidal Channels, by C. J. Posey and P. S. Hsing. 
Reprinted from Engineering News-Record, Dec. 22, 1938.
Hydraulic Jump in Closed Conduits, by E. W. Lane and C. E. Kindsvater. 
Reprinted from Engineering News-Record, Dec. 29, 1938.
Eeprint No. 9. Two Papers on Structural Problems. Price $0.1Q. 
Handling Corners in Rigid Frames, by B. J. Lambert and C. J. Posey. Re­
printed from Engineering News-Record, Aug. 4, 1939.
Diagrams for Designing Reinforced Concrete Columns, by F. T. Mavis and 
O. J. Baldwin. Reprinted from Civil Engineering, June, 1935.
Reprint No. 10. Two Papers on Pipe Flow. Price $0.10.
Solving Pipe Flow Problems With Dimensionless Numbers, by A. A. Kalinske. 
Reprinted from Engineering News-Record, Vol. 123, No. 1, p. 55, July 6, 1939.
A  New Method of Presenting Data on Fluid Flow in Pipes, by A. A. Ka­
linske. Reprinted from Civil Engineering, Vol. 9, No. 5, p. 313, May, 1939.
Reprint No. 11. Methods of Calculating Water-Hammer Pressures, by F. 
M. Dawson and A. A. Kalinske. Reprinted from Journal of American Water 
Works Association, Vol. 31, No. 11, November, 1939. Price $0.10.
Reprint No. 12. Applications of Statistical Theory of Turbulence to Hy­
draulic Problems, by A. A. Kalinske and E. R. VanDriest. Reprinted from the 
Proceedings of the F ifth  International Congress of Applied Mechanics, 1938. 
Out of print.
Reprint No. 13. Studies in Sediment Transportation and Deposition. 
Stable Channels in Erodible Material, by E. W. Lane. Reprinted from Trans. 
American Society of Civil Engineers, Vol. 102, p. 123, 1937. Price $0.10.
Engineering Aspects of Sediment Transportation and Deposition, by E. W. 
Lane. Reprinted from Bulletin of Associated State Engineering Societies, 
Oct., 1939. Out of print.
Collection of Data on the Solids Load of Flowing Streams, by E. W. Lane. 
Reprinted from Journal of the Association of Chinese and American Engineers, 
Vol. XIX, No. 3, May-June, 1938. Out of print.
The Relation of Suspended to Bed Material in Rivers, by E. W. Lane and 
A. A. Kalinske. Reprinted from Trans, of the American Geophysical Union, 
1939. Price $0.10.
Reprint No. 14. Miscellaneous Papers on Plumbing.
Cross-Connections in Air-Conditioning Equipment, by F. M. Dawson an i 
A. A. Kalinske. Reprinted from Journal of American Water Works Associa 
tion, Vol. 29', No. 11, Nov., 1937. Out of print.
Control of Water Piping From Main To Consumer, by F. M. Dawson and 
A. A. Kalinske. Reprinted from Journal of American Water Works Associa­
tion, Vol. 30, No. 3, March, 1938. Out of print.
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The Hydraulics and Pneumatics of the Plumbing Drainage System, by A. 
A. Kalinske. Reprinted from Bulletin of Associated State Engineering So­
cieties, Oct., 1938. Price $0.10.
The National Plumbing Laboratory, by F. M. Dawson and A. A. Kalinske. 
Reprinted from American Journal of Public Health, Vol. 30, No. 1, Jan., 1940. 
Out of print.
Plumbing Free From Pollution, by F. M. Dawson. Reprinted from The 
Nation’s Schools, Vol. 23, No. 5, May, 1939. Out of print.
The Prevention of Back-Siphonage, by F. M. Dawson and A. A. Kalinske. 
Reprinted from Plumbing and Heating Business, Sept., 1939. Price $0.10.
Water Hammer—Cause and Cure, by F. M. Dawson and A. A. Kalinske. 
Reprinted from Plumbing and Heating Business, Oct., 1939. Out of print.
Pollution i.n the Plumbing, by F. M. Dawson. Reprinted from The Modern 
Hospital, Vol. 53, No. 6, Dec., 1939. Price $0.05.
The Design, Operation, and Testing of Grease Interceptors, by F. M. Daw­
son and A. A. Kalinske. Reprinted from Plumbing and Heating Business, 
Nov. and Dec., 1939. Price' $0.05.
Grease Interceptors in Practical Use, by F. M. Dawson and A. A. Kalinske. 
Reprinted from Plumbing and Heating Business, Jan., 1940. Out of print. 
Reprint No. 15. Miscellaneous Papers in Hydraulic Engineering. Price $0.35. 
Entrainment of Air in Swiftly Flowing Water, by E. W. Lane. Reprinted 
from Civil Engineering, Feb., 1939.
Dams—Ancient and Modern, by E. W. Lane. Reprinted from Journal of 
Association of Chinese and American Engineers, Vol. XIX, No. 6, Nov.-Dee., 
1938.
Routing of Floods Through Reservoirs with Especial Attention to Deter­
mination of Spillway Capacity for Small Reservoirs, by C. J. Posey. Reprinted 
from Bulletin of Associated State Engineering Societies, Oct., 1938.
A Study of Variability of Precipitation, by Edward Soucek and J. W. Howe. 
Reprinted from Transactions of the American Geophysical Union, 1938.
An Analysis of Stream-flow Data for Iowa, by F. T. Mavis and Edward 
Soucek. Reprinted from Transactions of the American Geophysical Union, 
1937.
Reprint No. 16. Transformer Current and Power Inrushes Under Load, by 
E. B. Kurtz. Reprinted from Electrical Engineering, August, 1937. Price $0.05.
Reprint No. 17. A Low-Frequency Alternator, by E. B. Kurtz and M. J. 
Larsen. Reprinted from Proceedings of the Institute of Radio Engineers, Vol. 
27, No. 2, Feb., 1939. Price $0.05.
Reprint No. 18. Water Level Indicator, by L. A. Ware. Reprinted from 
Electronics, March, 1940. Price $0.10.
Reprint No. 19. Miscellaneous Papers on Sediment Transportation and 
Deposition.
Notes o.u the Formation of Sand, by E. W. Lane. Reprinted from Transac­
tions of the American Geophysical Union, 1938. Price $0.10.
Notes on Limit of Sediment Concentration, by E. W. Lane. Reprinted from 
the Journal of Sedimentary Petrology, Vol. 10, No. 2, Aug., 1940. Out of print. 
The Different Approaches to the Study of Propulsion of Granular Materials
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and the Value of their Coordination, by Paul Nemenyi. Reprinted from Trans­
actions of the American Geophysical Union, 1940. Out of print.
A Study of Sedimentation in a Miami Conservancy District Reservoir, by 
E. W. Lane and J. C. Kennedy. Reprinted from Transactions of the American 
Geophysical Union, 1940. Out of print.
Suspended-Material Transportation Under Non-Equilibrium Conditions, by 
A. A. Kalinske. Reprinted from Transactions of the American Geophysical 
Union, 1940. Price $0.10.
Reprint No. 20. Relation of the Statistical Theory of Turbulence to Hy­
draulics, by A. A. Kalinske. Reprinted from Transactions of American So­
ciety of Civil Engineers, Vol. 105, 1940. Out of print.
Reprint No. 21. Laws of Transportation of Sediment by Streams: Suspended 
Load, by Hunter Rouse. Duplicated by the Iowa Institute of Hydraulic Re­
search. Price $0.15.
Reprint No. 22. Functional Design of Flood Control Reservoirs, by C. J. 
Posey and Fu-Te I. Reprinted from Transactions of American Society of 
Civil Engineers, Vol. 105, 1940. Price $0.25.
Reprint No. 23. An Electronic Method for Determining Distribution Curves, 
by L. A. Ware. Reprinted from Electronics, October, 1940. Out of print.
Reprint No. 24. Turbulence and Energy Dissipation, by A. A. Kalinske. 
Reprinted from Trans. American Society of Mechanical Engineers, Jan., 1941. 
Price $0.20.
Reprint No. 25. On the Four Regimes of Open-Channel Flow, by J. M. 
Robertson and Hunter Rouse. Reprinted from Civil Engineering, March, 1941. 
Price $0.20.
Reprint No. 26. Turbulence in Open-Channel Flow, by A. A. Kalinske and 
J. M. Robertson. Reprinted from Engineering News-Record, April 10, 1941. 
Price $0.20.
Reprint No. 27. Investigations of Liquid Turbulence and Suspended Ma­
terial Transportation, by A. A. Kalinske. Reprinted from University of Penn­
sylvania Bicentennial Conference Proceedings, 1941. Price $0.20.
Reprint No. 2S. Engineering Calculations of Suspended Sediment, by E. 
W. Lane and A. A. Kalinske. Reprinted from Transactions of the American 
Geophysical Union, 1941. Price $0.15.
Reprint No. 29. Some Recent Flood-Flow Determinations in Iowa, by L. 
C. Crawford and G. L. Whitaker. Reprinted from the Iowa Transit, Vol. 17, 
No. 1, Oct., 1942. Price $0.10.
Reprint No. 30. Dynamic Characteristics of a Single-Phase Induction Mo­
tor, by E. B. Kurtz. Reprinted from Transactions of the American Institute 
of Electrical Engineers, Vol. 59, 1940. Price $0.10.
Reprint No. 31. Operation of a Thyratron as a Rectifier, by L. A. Ware. 
Reprinted from Proceedings of the I. R. E., Vol. 30, No. 11, Nov., 1942. Price 
$ 0 .10 .
Reprint No. 32. Ultrahigh-Frequeney Transmission in Wave Guides, by 
L. A. Ware. Reprinted from Electrical Engineering, Dec., 1942. Price $0.10.
Reprint No. 33. Criteria For Determining Sand-Transport by Surface- 
Creep and Saltation, by A. A. Kalinske. Reprinted from Transactions of the 
American Geophysical Union, 1942. Price $0.10.
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Reprint No. 34. Power-angle Indicator and Record for Synchronous Ma­
chines, by E. B. Kurtz. Reprinted from General Electric Review, Yol. 43, No.
10, Oct., 1940. Price $0.10.
Reprint No. 35. Turbulence and Transport of Sand and Silt by Wind, by 
A. A. Kalinske. Reprinted from Annals of New York Academy of Sciences, 
Vol. 44, p. 41, May, 1943. Price $0.20.
Reprint No. 36. Evaluation of Boundary Roughness, by Hunter Rouse. 
Reprinted from Proceedings of the Second Hydraulics Conference, Bulletin 27,
1943. Price $0.10.
Reprint No. 37. Role of Turbulence in River Hydraulics, by A. A. Kalinske. 
Reprinted from Proceedings of the Second Hydraulics Conference, Bulletin 
27, 1943. Price $0.10.
Reprint No. 38. Measurement of Sediment Transportation, by E. W. Lane. 
Reprinted from Proceedings of the Second Hydraulics Conference, Bulletin 
27, 1943. Price $0.10.
Reprint No. 39. Studies Relating to Use of Saran for Water Pipes in Build­
ings, by F. M. Dawson and A.A. Kalinske. Reprinted from Journal of Amer­
ican Water Works Association, Vol. 35, p. 1058, Aug., 1943. Price $0.10.
Reprint No. 40. Air Entrainment in Closed Conduit Flow, by A. A. Kalinske 
and J. M. Robertson. Reprinted from Transactions of American Society of 
Civil Engineers, Yol. 108, p. 1393, 1943. Price $0.50.
Reprint No. 41. Computations for Influence Lines Simplified by Semi- 
Graphical Method, by C. J. Posey. Reprinted from Engineering News-Record, 
Vol. 131, Dec., 1943. Price $0.10.
Reprint No. 42. Eddy Diffusion, by A. A. Kalinske and C. L. Pien. Re­
printed from Industrial and Engineering Chemistry, Vol. 36, p. 220, March,
1944. Price $0.10.
Reprint No. 43. Experiments on Eddy Diffusion and Suspended-Material 
Transportation, by A. A. Kalinske and C. L. Pien. Reprinted from Transac­
tions of the American Geophysical Union, 1943. Price $0.10.
Keprint No. 44. The Design of a 1540 Foot Three Span Continuous Tied 
Arch Truss, by Ned L. Ashton. Reprinted from Iowa Transit, Vol. XLVIII, 
No. 7, April, 1944. Price $0.20.
Reprint No. 45. Hydraulics of Vertical Drain and Overflow Pipes, by A. 
A. Kalinske. Reprinted from Investigations of the Iowa Institute of Hydraulic 
Research, 1939-1940, Bulletin 26, Dec., 1941. Out of print.
Reprint No. 46. Table of Fixed-End Moments, by C. J. Posey. Reprinted 
from Engineering News-Record, Vol. 127, Nov., 1941. Price $0.05.
Reprint No. 47. Suspension of Sediment in Upward Flow, by Hunter Rouse. 
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Bulletin 26, Dec., 1941. Price $0.10.
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Reprint No. 49. Flood-Wave Characteristics as Related to Flood Routing, 
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Waterman. Reprinted from Sewage Works Journal, Vol. 15, No. 3, May, 1943. 
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Reprint No. 51. Physics and Rapid Airplane Development, by E. C. Lund- 
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